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i.i INTRODUCTION AND BACKGROUND 


Contract NAS2-6552 was undertaken by the National Aeronautics and 
Space Administration (NASA) and the University of California, San Diego 
(UCSD) to accomplish the reduction, analysis, dissemination, and publication 
of data from the UCSD Trapped Radiation Experiment on the NASA Pioneer 10 
and 11 spacecraft. The instrumentation for this experiment was built for 
NASA by UCSD under Contract NAS 2-5602. Identical instrument packages were 
carried aboard the Pioneer 10 and Pioneer 11 spacecraft to make the first 
exploration of the outer solar system beyond the orbit of Mars, and, in par- 
ticular, of the neighborhoods of Jupiter and Saturn. 

The UCSD instrumentation was designed to delineate the principal 
features of the Jovian Van Allen radiation belts with minimum ambiguity as 
to interpretation of the data. More specifically, the instrument design ob- 
jectives were to distinguish trapped protons and electrons, to measure abso- 
lute intensities within known energy ranges, to obtain several points on en- 
ergy spectra for these particles, to gain information on angular distribu- 
tions and spatial extent, and to probe the total corpuscular energy flux. 
Although the design was carried out with just Jupiter in mind, the intrument 
was very suitable for the exploration of Saturn's magnetosphere, and it has 
also proven to be a unique and valuable cosmic ray detector system. 

Figure 1 shows the interplanetary trajectories of the Pioneer 10 and 
11 spacecraft. Pioneer 10 was launched on March 3, 1972 and encountered Ju- 
piter in December, 1973. It acquired enough additional energy from its 
gravitational interaction with Jupiter to put it on a trajectory destined to 
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escape from the solar system. Pioneer li was launched on April 8, 1973 and 
encountered Jupiter in December, 1974. Following the successful encounter 
of Pioneer 10, the Pioneer 11 encounter was retargeted so that Pioneer li 
would make a first-ever encounter with Saturn. This encounter took place in 
September, 1979, and the Pioneer 11 spacecraft is now on a heliospheric es- 
cape trajectory carrying it in the direction opposite from Pioneer 10. At 
the time of this writing (December, 1981) Pioneer 10 is 28 AU from the sun 
and Pioneer 11 is 11 AU from the sun. Both spacecraft continue to function 
and transmit excellent data. 

The UCSD experiment exceeded its objectives. Trapped radiation 
measurements were made in the magnetospheres of earth, Jupiter, and Saturn, 
and cosmic radiation measurements were made and are still being made in in- 
terplanetary space. The data have been reduced and written on magnetic tape 
in both complete formats and in condensed formats for scientific analysis. 
Key tapes have been copied and deposited in the National Space Science Data 
Center archive for use by other scientists. Section II of this report is a 
compilation of articles which describe results and analyses from this exper- 
iment to date. 


1.2 DATA ANALYSIS OPERATIONS 

1.2.1 Data Analysis Procedures The flow chart in Figure 2 shows the proce- 
dures we have used routinely on the Pioneer data. Starting with the Experi- 
menter Data Record (EDR) and Trajectory (TRAJ) tapes, we generate Summary 
(SUM) and, sometimes. Binary Reduction (BRT) tapes in which the data are 
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Figure 2 
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decoded and tagged with the spacecraft position so as to be ready for ana- 
lysis. The BRT's contain every individual reading, whereas the SUM's con- 
tain averages accumulated over some interval. Following the left-hand co- 
lumn in Figure 2, the Edit Program deletes bad data from a SUM tape, produc- 
ing a new tape in the same format. The Summary Compression Program also 
produces a new tape in the same format, except that the averages are com- 
bined to extend over a longer interval. The bulk of our interplanetary data 
deposited in the National Space Science Data Center (NSSDC) is on Compressed 
Summary Tapes. 

BRT's were generated for all planetary encounters and also for much 
of the interplanetary mission. The analysis program analyzes and fits angu- 
lar distributions on a short time scale. It produces Analysis Tapes which 
contain the most concise description of the data for the close encounters. 
The planetary encounters are represented at the NSSDC with Analysis Tapes, 
BRT's, and Summary Tapes. 

The anisotropy column was used to extract directional information on 
interplanetary cosmic rays from the Cerenkov counter channels or our instru- 
ment. 


The format of the Compressed Anisotropy Tapes is given in Table 1. 
The formats of the other tapes are documented in the "Data Package for the 
UCSD Trapped Radiation Detector," which has been deposited with the National 
Space Science Data Center. 
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COMPR£SSED ANISOTROPY TAPES 


Reviled 7/13/78 


Datum 

Seq-trncc 


Nanus of Datum 


Bits per Place 
Datimi 


in Record 


1 

Time of earliest reading in record 
(colo milliseconds) 

48 

1 

48 

2 

Time of latest reading in record 
(cole milliseconds) 

48 

49 - 

96 

3 

Roll period (all 11 seconds) 

32 

97 - 

128 

4 

Attitude colatitude (alcroradlana) 

32 

129 - 

160 

5 

Attitude longitude (microrad Ians) 

32 

161 - 

192 

Sequence # 

'a 6 - 25 apply to 1.5 aec accumulations on channel Cl 



6 

Number of readings N rt * £ 1 

24 

193 - 

216 

7 

Number of count! A^ * £ C^ * 

24 

217 - 

240 

8 

Encoded Fouriar coef: * 

24 

241 - 

264 

9 

A, ■ 10 6 C,(l + cos 9.) / E o') 

1 t • 1 t 1 

Encoded Fourier coef: t 

24 

265 - 

288 


8, ■ 10 4 * (l C, (1 + sin 9 ) / E c.^ 
1 l 1 1 1 1 




10 

NiMber of readlnga in sector 1(337. 5° -22. 5°) 

■i ■ l h 

24 

289 - 

312 

11 

Nueber of counts In sector 1 S 

24 

313 - 

336 

12 - 13 

Same aa 10 4 11 for sector 2 

(22.5° • 67.5° ecliptic nadir angle) 

24 » 2 

337 - 

384 

14 - 23 

Saeeaa 10 & 11 for sectors 3-8 

24 • 12 

383 - 

672 

26 - 43 

Same as 6 - 25 for 1«5 sac accusai la Cion* 
on channel C2 

24 * 20 

673 - 

1132 

46 - 63 

Same aa 6 • 25 for 1.5 sec accumulation! 
on ehannal C3 

24 • 20 

1153 - 

1632 

66 - 83 

Some aa 6 * 25 for 3.0 aec accumulations 
on channel Cl 

24 * 20 

1163 - 

2112 

66 - 103 

So mm as 6 - 25 for 3.0 aec accumulations 
on channel C2 

24 * 20 

2113 - 

2392 

106 • 123 

Some as 6 - 25 for 3.0 sec accumulations 
on channel C3 

24 • 20 

2393 - 

3072 

126 • 143 

Sams as 6 - 25 for 6.0 sec accimu 1st Iona 
on channel Cl 

24 * 20 

3073 - 

3352 

146 - 163 

Sams aa 6 - 25 for 6.0 sac accumulations 
on channel C2 

24 • 20 

3333 - 

4032 

166 - 183 

Sams as 6 - 25 for 6.0 sec accumulations 
on channel C3 

24 • 20 

4033 - 

4512 

186 • 199 

Blank padding to round out record +* 

672 

4313 - 

3184 

t Decoded Fourier coefficients can be recovered with Che 

following squat ions: 

C(9) « a Q 

♦ Sj cos 9 4* sin 9 + 




‘0 " * C 1 

/El- Aq/Hq . « 0 'tl . *0 ■ \ C t 




2 Y* 

co. 8 t -2(A X * lO" 4 -l) » A 0 / N 0 , Aj « 


E Cjcas 


•iT 1 

1 "o 1 


1 C t 


2 - 

C t tin 9 t -2( Bl * lO’ 4 -1) * A„ / N„ , • 

I0 4 * * 

£ C^sin 

9 f' ) 

b - n-t 
1 H 0 1 

" c i 



9 ■ Ecliptic nadir angle (angle between look direction and ecliptic nadir) 


** note thac 48 - 2 4 * 3, 36 - 2 2 * 3 2 , 32 - 2 5 . Least cannon denanlnator of 
68, 36, 33 - 2 3 * 3 2 - 288 blta. 


*** Packed 2 logical Records (UOpcr physical Record (?*>• 
One LR - 108 * 48 bits. One PR - 216 * 48 bits 


Table 1 

Format of Compressed Anisotropy Tapes 
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1.2.2 Processing Summary 

Data processing at UCSD was originally performed on a CDC3600 owned 
and operated by the UCSD Computer Center. This machine was taken out of 
service in July, 1980. In 1977 our space physics group acquired its own DEC 
11/70, and in 1980, a larger 11/780 VAX. All new programs written since 
that time have been executed on our own computers. Furthermore, in 1979 we 
undertook an explicit effort to convert our essential programs from the 
CDC3600 to our DEC equipment, and the major programs have been converted. 
Those shown with an asterisk on Figure 2 were brought into service on our 
equipment. Because of the historical precedence of the CDC machine, all of 
the data tapes are written with the 48 bit words peculiar to that machine. 

From launch through December 31, 1981, Pioneer 10 has logged 3591 
days in space, and Pioneer 11, 3192 days. The Reduction Program has pro- 
cessed 2567 Pioneer 10 EDR's through December 30, 1981, and 2328 Pioneer 11 
EDR's through December 31, 1981. One more Pioneer 11 EDR and two Pioneer 10 
EDR's have been received and await processing, and one day's data have not 
yet been received to complete 1981. For all of these data Summary Tapes 
were produced, with 1/2 hour time intervals for interplanetary data, and 
with 108 second intervals for encounter data. Interplanetary data to 
mid-1977 have been edited and compressed into 24 hour intervals. These Com- 
pressed Summary Tapes are deposited in the NSSDC. Editing is in progress 
for the remaining interplanetary data, and compression will take place as 
soom as successful test runs are completed with the 11/70 version of the 
Summary Compression Program. If the Pioneer 10 and 11 mission is contin- 
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ued and funds are available for data reduction, data will be deposited in 
the NSSDC annually. 


1.2.3 NSSDC Deposits 

The following data tapes have been deposited in the National Space 
Science Data Center (NSSDC) . 

Pioneer 10 Jupiter Encounter 

Six 108 second Summary Tapes 
M44900 11/26 - 29/73 

M44901 11/30-12/3/73 

M44902 12/4 - 7/73 

M44903 12/8 - 11/73 

M44904 12/12 - 15/73 

M44905 12/16 - 19/73 

Pioneer 11 Jupiter Encounter 

One Binary Reduction Tape (BRT) 

Four 108-second Summary Tapes 


M53744 

BRT 

12/3/74 

hours 

M54790 

SUM 

11/26 - 

29/74 

M54791 

SUM 

11/30-12/3/74 

M54792 

SUM 

12/4 - 

7/74 

M54793 

SUM 

12/8 - 

9/74 
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Pioneer li Saturn Encounter 


Ten BRT's 


M53580— 1 

8/31/79 

M53582-3 

9/1/79 

M53584-5 

9/2/79 

M53586-7 

9/3/79 

M53588-9 

9/4/79 


Pioneer 10 Interplanetary 

Three 24-hour Summary Tapes 
M45905X 3/3/72 - 12/3/73 

M45906X 12/4/73 - 6/29/76 

M45910X 7/1/76 - 5/30/77 

Pioneer 11 Interplanetary 

Two 24-hour Summary Tapes 
M55905X 4/16/73 - 12/2/74 

M55906X 12/3/74 - 5/31/77 
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JUPITER ENCOUNTER 



Abstract. Pioneer 10 counted relativistic electrons throughout the magneto- 
sphere of Jupiter, with the greatest fluxes being inside 20 Jupiter radii. The peak 
flux of electrons with energy greater than SO million electron volts was 1JX 10 7 
per square centimeter per second at the innermost penetration of the radiation 
belts. 


Radiation Belts of Jupiter 


Charged particle instruments aboard 
the National Aeronautics and Space Ad- 
ministration’s Pioneer 10 spacecraft 
made the first in situ measurements ever 
of the Van Allen radiation belts of 
Jupiter during a 2-week passage through 
Jupiter’s magnetosphere in early Decem- 
ber 1973. Jupiter is the only planet be- 
sides the earth known to have a radi- 
ation belt, and the new measurements 
show that many features of it are in 
unexpected contrast to those at the 
earth. The onboard trapped radiation 
detector of the University at California, 
San Diego (UCSD), identified elec- 
trons with energies from 100 kev to 50 
Mev and protons with energies greater 
than 70 Mev and measured fluxes, en- 
ergy spectra, and angular distributions 
through the flyby. 

Two different trapping regions emerge 
from the data. The outer region has 
been dubbed the magnetodisk and ex- 
tends from about 20 Jupiter radii (R } ) 
outward. Energetic electrons are con- 
centrated in a disk close to the tilted 
magnetic equator and wobble up and 
down past the spacecraft at the plane- 
tary rotation rate, modulating the ob- 
served flux. In addition, the electrons 


exhibit rapid time variations and erratic 
directionality with little radial depen- 
dence in flux or energy. The intensities, 
are abruptly lower outside the magneto- 
pause, but a trickle of relativistic elec- 
trons extend outside the bow shock 
(/, 2) to 120 Rj. These and other par- 
ticles in the magnetodisk are most eas- 
ily interpreted as particles escaping out- 
ward, either tom out of the inner region 
by violent plasma storms or accelerated 
in the magnetodisk by electric poten- 
tials such as those associated with the 
rapid planetary rotation. This region is 
aptly compared with the earth’s mag- 
netic tail. 

Inside 20 Rj the radiation belts as- 
sume a more ordered character, whose 
most dramatic feature is a steep radial 
intensity gradient [exp(— R/1.2 R } ) tor 
electrons with energy greater than 50 
Mev] giving an increase in intensity of 
three or four orders of magnitude in 
all detectors. The electron energy spec- 
trum also becomes harder closer in, 
the relativistic component increasing 
most dramatically, and the nonrelativis- 
tic component peaking and actually de- 
creasing below 10 Rj. Just outside the 
magnetic shell of Europa. fluxes of 


electrons were j = 3 X 10 7 cm - * sec -1 
ster -1 with energy above 0.1 Mev, and 
J 0 = 1-2 X 10 4 cm -2 sec -1 with en- 
ergy above 40 Mev. At 3.2 Rj the flux 
of electrons above 50 Mev was 1.3 X 
10 T cm -2 sec -1 , but electrons between 
0.1 and 2 Mev were less than 2 X 10 T 
cm - * sec -1 ster -1 . 

The spatial distribution of omnidi- 
rectional electrons with energy greater 
than 50 Mev is shown in Fig. 1. The 
counter is a small solid state detector 
buried in a thick omnidirectional shield. 
The effective area rises from 4 X 10 - * 
cm* at 27 Mev to 4 X 10 - * cm* above 
70 Mev. Because the efficiency varies 
with energy, so does the conversion 
from count rate to flux. The fluxes in 
Fig. 1 were obtained by multiplying 
count rate by 30 cm - *, but the char- 
acteristic electron energy, and thus the 
flux conversion factor, varies some- 
what because of the hardening elec- 
tron spectrum. The spacecraft trajec- 
tory, projected onto the magnetic me- 
ridian plane, is shown by the dashed 
line. The location where the count rate 
equals each contour value is marked 
by a circle, and each circle is refl ected 
by symmetry through the equator. 
Whereas a poor magnetic field model 
would result in misalignment of pri- 
mary and reflected circles, the present 
model is seen to be satisfactory out to 
10 R } . 

Figure 2 shows count rates in the 
inner region for four data channels. 
Channels C2 and Ml represent rela- 




DECEMBER 3, 1973 


DECEMBER 4, 1973 


Fig. 1 (left). Contours of constant omnidirectional flux for 
electrons with energy greater than 50 Mev in data channel Ml 
(electrons per square centimeter per second). The figure repre- 
sents a magnetic meridian plane according to the preliminary 
magnetic field model of Smith et al. (2). Fig. 2 (right). Count rates from four data channels of the UCSD trapped radiation 
detector. Channels C2 and Ml count relativistic electrons, E3 counts relativistic and nonrelativistic electrons, and M3 co»nts pro- 
tons with a background of electrons. Abbreviations: Can, Ganymede: Eu, Europa. 
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tivistic electrons with energy > 20 Mev 
and > 50 Mev. Channel E3 is the rate 
from a solid state detector identical to 
Ml except that a bent aperture in the 
shield permits direct access of particles 
that scatter by 45 s . Thus E3 is sus- 
ceptible to the same penetrating elec- 
trons that trigger Ml plus nonpenetrat- 
ing electrons that scatter through the 
aperture and trigger the 0.4-Mev dis- 
criminator. Comparing E3 with C? and 
Ml demonstrates the hardening of the 
electron spectrum toward pcriapsis, 
and differencing E3 with Ml demon- 
strates the loss of the nonpenetrating 
component below 10 Rj. 

Several of the Galilean satellites are 
immersed in the radiation belts, and 
there is clear evidence that at least two 
of them, Io and Europe, influence the 
trapped particle fluxes. Marks are 
shown on Fig. 2 where the spacecraft 
crossed the dipole model magnetic 
shells containing Io, Europe, and Gany- 
mede. There are prominent dips in the 
20-Mev electrons at the Io shell and 
small fluctuations in the 0.4-Mev elec- 
trons. On the other hand, at Europa 
there are prominent variations in the 
0.4-Mev electrons and only small ef- 
fects in the 20-Mev electrons. An effect 
at Ganymede is questionable. 

Channel M3 is a high energy dis- 
criminator on the omnidirectionally 
shielded solid state detector. Set high 
enough to have low «2 X 10 - *) ef- 
ficiency for electrons, this discriminator 
is efficient for protons between 70 and 
150 Mev. The M3 response seen in 
Fig. 2 is caused partly by single elec- 
trons at low efficiency, partly by dou- 
ble coincidence of electrons, and part- 
ly by protons. When the appropriate 
linear and • quadratic terms in Ml that 
represent electron background are sub- 
• tracted from M3, one is left with two 
prafbn peaks, one at 0100, one at 0300, 
.with a relative minimum between them. 
The second peak is clearly visible in 
the figure. These peaks are at the in- 
bound and outbound crossings of the 
L = 3.6 shell, and the maximum pro- 
ton intensity is, J 0 — 2.5 x 10 4 cm~f 
sec -1 . These peaks represent the only 
proton fluxes visible to our counters 
during the flyby. 

Particle identification features in the 
instrument design were successful in 
separating electrons from protons, and 
we name the particle species with con- 
fidence. Specifically, one of our detec- 
tors was a Cerenkov counter sensitive 


only to particles with velocity greater 
than 0.75c (for example, C2 in Fig. 2). 
There is evidence against significant 
proton fluxes above this energy (450 
Mev) and so the counts are known to 
be electrons. Comparisons between the 
Cerenkov counter and channel Ml are 
in agreement, and because M3 found 
so few protons. Ml counted essentially 
all electrons. 

Flux values and energy ranges are 
preliminary as we have not yet made 
proper integrations of the particle spec- 
tra over the detector responses. There- 
fore these numbers should be given an 
uncertainty of about 50 percent 

More serious data misinterpretation 
could arise from spacecraft charging. 
The expected average photoelectron 
flux is similar to the measured fluxes of 
energetic electrons inside 10 Rj. This 
means that unless there is an unmea- 
sured cold plasma component the space- 
craft may need to assume a large nega- 
tive potential in order to maintain zero 
net current (J). Until it can be shown 
that Pioneer 10 was not driven to mega- 
volt potentials, the present measure- 
ments cannot be safely assumed to 
correspond to the ambient Jovian par- 
ticle fluxes. The relative absence of 0.1- 
to 2-Mev electrons is not firm evidence 
for spacecraft charging, as this would 
be expected for a relativistic Maxwel- 
lian distribution with a temperature 
over 5 Mev. 

In conclusion, we note that the pres- 


ence of very energetic electrons in the 
magnetodisk cannot be easily explained 
in terms of solar wind injection and 
convective acceleration. As an alter- 
native, we would like to point out that 
interactions with the nonrotating solar 
wind may cause a differential rotation 
between the planet and the outer mag- 
netodisk which in turn can lead to 
large electric fields parallel to the mag- 
netic field lines. The expected sign and 
magnitude of these electric fields is such 
that photoelectrons in the Jovian at- 
mosphere could be accelerated outward 
to very high energies. Presumably the' 
angular distributions measured by the 
various detectors on Pioneer 10 will 
provide dues to the true nature of 
the injection and acceleration pro- 
cesses. 

R. Walker Filuus 
Carl E. McIlwain 
University of California, San Diego, 

La Jolla 92037 
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The University of California at San Diego trapped radiation detector measured proton and electron 
fluxes, angular distributions, and energy spectra throughout the Pioneer 10 flyby of Jupiter last December. 
Here the instrumentation and calibrations are described, and good values Tor particle fluxes in the inner 
and outer regions are presented. The major features of the Jovian radiation belts are described, with 
preliminary discussions of their meanings. 


The existence of Van Allen radiation belts at Jupiter has 
been known for almost as long as the existence of Van Allen 
radiation belts at earth [Van Allen. 1958; Drake and Hvatum, 
1959). However, whereas rockets, satellites, and spacecraft 
have had access to the earth's radiation belts for the last 15 
years, it was only last December that a spacecraft, Pioneer 10, 
first probed the immediate vicinity of Jupiter [Hall, I974J. On 
board this spacecraft were several instruments designed lo 
make direct measurements of the Van Allen belts. Preliminary 
notes on experiments were written 2 weeks after encounter and 
appeared together in the January 25, 1974, issue of Science 
[Van Allen et al., 1974; Simpson et al., 1974; Trainor el al., 
1974; Fillius and McIlwain, 1974], The present paper gives a 
more thorough account of results from one of these ex- 
periments, the University of California at San Diego (UCSD) 
trapped radiation detector. 

Instrumentation 

Constraints and objectives. It is obvious that one hyper- 
bolic cut through Jupiter’s magnetosphere cannot bring us the 
same level of knowledge that we enjoy of the earth's environ- 
ment. Also, the instruments on Pioneer 10 cannot approach 
the sophistication of those flown today in the neighborhood of 
earth. The constraints on weight, power, and telemetry forced 
too much simplification on our design, and the range of en- 
vironmental unknowns was too wide. We committed our in- 
strument to obtain just the basic features of the radiation belts 
with minimum ambiguity as to interpretation of the data. 
Specifically, our instrument design objectives were to dis- 
tinguish trapped protons and electrons, to measure absolute 
intensities within known energy ranges, to obtain several 
points on energy spectra for these particles, to gain informa- 
tion on angular distributions and spatial extent, and to probe 
the total corpuscular energy flux. 

Sensors. The UCSD trapped radiation detector on Pioneer 
10 includes five different sensors. Three are operated in a 
pulse-counting mode, and two are read out through an elec- 
trometer. We report here data from the pulse sensors because a 
malfunction that occurred earlier in the flight makes the elec- 
trometer readings difficult to interpret. The three sensors that 
operated in the pulse mode are detector C (a Cerenkov counter 
sensitive to particles with 3 > 0.75), detector E (a solid state 
detector that can be reached by soft electrons that scatter 
through a crooked aperture), and detector M (an identical 
solid state detector that can be reached only by particles that 
penetrate 1 cm of inert shielding). Table 1 lists the principal 
characteristics of these sensors and their data channels. 

Electronics and rate limitations. Connected to each sensor 
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is a preamplifier, a delay line pulse shaper, and one or two 
voltage amplifiers. After this the signals go to a linear gate that 
commutates one of the three to a shared amplifier string. The 
amplifiers drive three integral pulse height discriminators that 
are set to the ratios 1:2.12:4.5, and the outputs of the dis- 
criminators go to a commutator that gates one of them to a 23- 
bit accumulator. A particular channel is determined by the 
linear gate, which chooses the sensor, and by the commutator, 
which selects the pulse height discriminator: e.g., E3, Ml, etc. 

At high counting rates, two characteristic times associated 
with the electronics become important: the width of the analog 
pulse and the dead time of the discriminator. The pulse width 
determines the probability that two pulses, each of which is 
too small to trigger the discriminator separately, will add in 
height and produce a spurious event. The pulse width is set to 
90 ns by the delay line pulse shaper, and the two-pulse resolv- 
ing time.is less than this value because the leading and trailing 
edges are rounded by the finite frequency response of the cir- 
cuitry. The discriminator dead time limits the maximum rate 
of the counters and determines the relationship between the 
true input rate and the observed counting rate near the limit. 
The observed rate approaches 1.5 MHz asymptotically (Figure 
1). By using an empirical formula, one can obtain true rates ac- 
curately up to 10 MHz and approximately beyond that. Both 
the discriminator dead time and the analog pulse width were 
made as short as they could be made within the power 
limitations of the spacecraft. 

Commutator. During encounter with Jupiter the ac- 
cumulation time was 1.5 s per reading, and the commutator 
took seven or eight consecutive readings from each directional 
sensor (C and E) so as to sample for approximately one roll 
period. (The actual roll period was 12.62 s.) Detector M. which 
was not designed for directionality, was sampled at isolated 
times. The period for the commutator to cycle through all the 
channels was 108 s. 

Particle selectivity. Particle identification is accomplished 
by sensor design with detectors C and E and by pulse height 
discrimination with detector M. Detectors M and E are iden- 
tical surface barrier detectors 1 mm thick by 3 mm in diameter. 
Detector M is buried inside heavy shielding with a minimum 
thickness of 1 cm. When detector M is gated on. the lowest dis- 
criminator is at the energy left by a minimum-ionizing particle 
(Table 1); thus channel Ml counts any particle that can get 
through the omnidirectional shielding. Channel M3, the 
highest discriminator, requires a highly ionizing particle. 
Therefore it rejects electrons while it counts protons that range 
in energy from the shielding cutoff at 80 MeV up to several 
hundred MeV, where the specific ionization falls below 
threshold. Channel M2, which is at half the height of M3, has 
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TABLE 1. Characteristics of the UCSD Pioneer 10 Trapped Radiation Detector 
at Jupiter Encounter in December 1973 


Channel 


Discrimination 

Level 


Particle Sensitivity Geometric Factor 


Cerenkov Counter C 


Cl 

31 photoelectrons 

>6-MeV electrons 


11. s 

cm 2 

sr 

C2 

6S photoelectrons 

>9-MeV electrons 


4 .5 

cm 2 

sr 

C3 

13S photoelectrons 

>13-MeV electrons 


0.5 

cm 2 

sr 



Electron Scatter Counter E 



cm 2 


El 

0.089 

MeV 

>0.16-MeV electrons 

1.3 

x 10* 2 

sr 

E2 

0.19 

MeV 

>0.255-MeV electrons 

1.04 

x 10- 2 

cm 2 

sr 

E3 

0.40 

MeV 

>0.460-MeV electrons 

5.7 

x 10- 3 

cm 2 

sr 



Minimum Ionizing Particle Counter M 





Ml 

0.40 

MeV 

»3S-MeV electrons 


0.038 

cm 2 


M2 

0.85 

MeV 

Background 





M3 

1.77 

MeV 

>80-MeV protons 






been useful in estimating the rate at which twofold coin- 
cidences of smaller pulses pile up to M3 and also in monitoring 
the small (~10 _ ‘) efficiency of M3 for single electrons. 

Detector E is surrounded by similar shielding except that a 
crooked aperture in the shield permits low-energy electrons to 
scatter in to the detector (Figure 2). The aperture was carefully 
designed so that protons, which travel in straight paths 
because of their high momentum, cannot reach the detector 
except by penetrating as much shielding as surrounds detector 
M. Because of the electrons’ propensity to scatter, this design 
is efficient for electrons and provides a high ratio of electron to 
proton response. During encounter, the proton contribution 
to the E detector count rates was negligible. 

The Cerenkov counter uses a water-methanol radiator with 
an index of refraction equal to 1.33, so that Cerenkov light is 
generated by particles whose velocity is greater than 1/1.33 
times the speed of light. The liquid is enclosed in a fused silica 
bottle 14 mm in diameter and 5 'h cm long, and the pulse height 
discriminators require a path length of more than 1 cm for a 
particle to emit enough light to be counted. This range require- 
ment and the housing thickness raise the threshold energy for 
electrons to 6 MeV. The discrimination levels are also high 
enough that the response is not spoiled by other light sources, 
such as scintillation and unwanted Cerenkov emission in the 
phototube. As protons below 485 MeV do not have the 
necessary velocity to emit Cerenkov light, the detector is insen- 
sitive to them. This selectivity was sufficient during encounter 
to assure that detector C counted electrons only. 

Directionality. The directional acceptance lobes of the 
Cerenkov counter are determined by the geometric cross sec- 
tion of the radiator, the path length required by the pulse 



Fig. 1. Relationship between true <nd observed counting rates. 


height discriminators, the forward emission cone of the 
Cerenkov light, and the selective collection efficiency of the op- 
tics. One end of the radiator is coupled directly to the 
photomultiplier face plate, and internal reflection in the 
radiator aids the collection of light emitted toward the 
phototube. Light that is emitted away from the phototube or 
does not meet the internal reflection condition is absorbed by 
blackened surfaces on the housing or the front end of the 
radiator. The resulting response is unidirectional, with a fore 
to aft efficiency ratio of 100:1. For 23-MeV electrons the 
acceptance lobes have a full width at half maximum of 120° 
for channel Cl, 90° for channel C2, and 65° for channel C3. 
These lobes become narrower for higher energies and broader 
for lower energies. 

The angular response of detector E is determined by the 
shielding. It is nearly conical, with a full width of 55°, and is 
the same for all channels. 

All directional sensors are mounted to face perpendicular to 
the spin axis, and their look directions sweep around the 
spacecraft equatorial plane once per revolution. During each 
reading the spacecraft rotated through 43°, so that the net 
angular resolution is the convolution of the detector’s angular 
response with the sweep angle. 

Energy response. Figure 3 shows the experimentally deter- 
mined responses of detectors C and M for monoenergetic elec- 
trons. Given any spectrum of particles, one can integrate it 
over these delta function responses to get the spectral response 
of the detectors. In practice, of course, we are not given the 



Fig. 2. Cross section of the aperture and shielding for detectors E 
and M. The spacecraft spin axis is perpendicular to the page. 
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Fig. 3. Experimentally determined responses of detectors C and M for monoenergetic electrons. 


particle spectrum, but we do have the spectral response as a 
count rate. The particle spectrum is the solution of an integral 
equation 

R = [ f A .„ (£, Q )/(£) dE dSl 

where 

R spectral response; 

J[E) particle spectrum; 

A, tt (E, Q) delta function response. 

As we cannot solve this integral equation in a general way, 
what we do is to assume a spectral form, perform the integra- 
tion, and determine a coefficient that relates the integral to the 
flux above a threshold energy. Figure 4 shows the results of 
such an integration when the energy spectrum is assumed to be 
a power law, and Figure 5 shows the same results for detector 
E. What has been plotted is the ratio of the spectral response 



to the incident number flux above any named threshold 
energy. This presentation is copied from a method of Van 
Allen’s that he calls a 'bow tie diagram.' The virtue of the 
diagram is that if a family of lines intersects at or near a point 
(the knot of the bow tie), this point marks a useful conversion 
constant between spectral response and particle flux, whose 
generality extends to spectra within the family. If one has a 
detector whose response is an ideal step function at some 
threshold energy, the knot of its bow tie will shrink at that 
energy to a point that is valid for all spectra. 

The geometric factors in Table 1 were obtained by this 
technique with the assumption of power law spectra. These 
conversion constants are valid for a wide range of spectra but 
not for all. In the Jovian radiation belts some spectra were en- 
countered that need special treatment. 



!00 200 500 000 
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Fig. 4. Bow tie diagrams for the response of detectors C and M to 
a power law spectrum of electrons. The geometric factor is a conver- 
sion coefficient between detector response and particle flux above 
some threshold energy. 


Fig. 5. Bow tie diagrams for the response of detector E to a power 
law spectrum of electrons. The geometric factor is a conversion 
coefficient between detector response and particle flux above some 
threshold energy. 
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TABLE 2. Design Factors Affecting the Measurement of Nonrelativistic Electron Fluxes 
With the UCSD Trapped Radiation Detector on Pioneer 10 and 11 


Factor 


Ratio of Hard to 

Soft Electrons Hard Electrons Soft Electrons 


Solid angle 0.72 

Effective detective area 

El 1.8 

E2 1 .45 

E3 0.8 

Combined solid angle * area 

El 1.3 

E2 1.04 

E3 0.S7 

Energy threshold 

El 0.16 

E2 0.25S 

E3 0.46 

Ratio of corrected count rate to 
observed count rate at peak 
El 1. 

E2 1. 

E3 1 

Ml 1 


sr 


4ir 

sr 


17.5: 

: 1 

mm 2 


8.5 

nun 2 


4.7 

1 

mm 2 


6.8 

mm 2 


4.7 

1 

nan 2 


3.8 

mm 2 


4.7 

1 

mm 2 

sr 

105. 

mm 2 

sr 

85 

1 

mm 2 

sr 

85. 

mm 2 

sr 

8S 

1 

mm 2 

sr 

48. 

mm 2 

sr 

85 

1 

MeV 


35 

MeV 


1 

220 

MeV 


35 

MeV 


1 

137 

MeV 


35 

MeV 


1 

76 


63:1 

48:1 

. 22:1 

.15:1 


Penetrating particle background. Measurement of soft elec- 
tron fluxes with detector E is straightforward only if the 
number of low-energy electrons coming through the aperture 
is much greater than the number of high-energy particles com- 
ing through the omnidirectional shield. This condition was not 
fulfilled inside 6 Rj at encounter, although the foreground to 
background ratio was deliberately optimized by the design. 
We review the design now in order to demonstrate that im- 
provement on our results will require a major effort on some 
new spacecraft. The design factors discussed here are sum- 
marized in Table 2. 

The first problem is that the high-energy particles come 
from all directions, whereas the low-energy electrons must 
come through the entrance aperture. The disadvantage factor 
is the ratio of solid angles available to the two classes of par- 
ticles. We minimized this factor by opening the aperture as far 
as possible without sacrificing directionality. The solid angle 
for the foreground is 0.72 sr, and that for the background is 4r 
sr, giving a disadvantage of 17.5: 1. 

The next problem is that for low-energy electrons the scatter 
requirement reduces the effective area of the detector below 


the real area. The scatter efficiency is 25% for channel El, 20% 
for E2, and 1 1% for E3. These values are high when one con- 
siders that the baffles allow no rectilinear paths to the detector. 
Comparing the effective areas for soft and hard electrons, one 
has a 4.7: 1 disadvantage in all three channels. 

Combining the number for solid angle and geometric factor, 
one computes a net disadvantage of 85:1. This ratio is caused 
by geometric considerations alone and cannot be improved 
upon substantially. 

To offset this disadvantage, one relies on having a much 
larger flux of low-energy electrons than of high-energy elec- 
trons. The critical design factor is the ratio of the energy 
thresholds. When the omnidirectional threshold is at 35 McV, 
these ratios are 1 :220, 137, and 76 for channels El, E2, and E3, 
respectively. Although these ratios could be improved by ad- 
ding shielding, one obtains dimipishing returns and drastic in- 
creases in weight beyond the amount used here. In our design 
the break-even point in the foreground and background rates 
occurs for an integral spectrum of about £"'. 

As is shown in Table 1, the discrimination level for channel 
Ml is at the same particle energy as that for channel E3. Thus 


RADIAL QISTANCE, Rj 



Fig. 6. Profile of Jupiter's radiation belts from channel Cl. November 26 to December 20. The position of the spacecraft 
inside or outside the magnetosphere is taken from Wolfe et al. [19746], 
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Fig. 7. Radial dependence of relativistic electrons in the magnetodisic. (a) Electrons of >6 MeV (channel Cl), inbound 
pass. (6) Electrons of <6 MeV (channel Cl), outbound pass. 


M 1 serves as a background monitor for E3, and by calibrating 
the sensitivities of E2 and E 1 to penetrating particles, one can 
use it with these lower channels as well. Subtracting the om- 
nidirectional background of course extends the usefulness of 
the electron scatter detector to harder spectra. In performing 
this subtraction with the UCSD encounter data we have no 
difficulty with counting statistics or with dead-time corrections 
(Table 2 lists the maximum correction factors). The primary 
uncertainty is caused by the inexact duplication of shielding 
between detectors. Near periapsis the M 1 count rate was 80% 
of the E3 rate, and there is good evidence that a substantial 
part of the difference is caused by more shielding at M 1, leav- 
ing less than 10% that might be attributed to low-energy elec- 
trons. The integral power law to cause this little difference is 

Clearly, our instrument is being pushed to its limits. After 
this much subtraction the uncertainties in the low-energy 
fluxes are quite high. What we have tried to show here is that 
this problem was foreseen, and improvement will be hard to 
come by. 

Radiation damage. The photomultiplier tube in the 
Cerenkov detector experienced a gain loss of about 15%, 
presumably caused by radiation damage, and this loss caused 
the detector C count rates after periapsis to be less than they 
were before periapsis. Fluxes and count rates quoted in this 
paper are not corrected for this difference, but a typical correc- 
tion would be a factor of 2. 

Outer Region, or Magnetodisk 

Magnetodisk. It is quite natural to divide the Jovian 
magnetosphere into two regions. These regions can be dis- 
tinguished easily in a time profile of the entire magnetosphere 
(Figure 6). The most striking feature is the monumental spike 
inside 20 Rj that rises 3 orders of magnitude above the rest of 
the data. This is the inner region, or core, to be discussed 
separately below. 

Many features of the outer region are visible in Figure 6. 
There is not a strong radial variation, but the 10-hour 
periodicity is attributable to a strong latitude dependence. The 
magnetopause crossings identified by Wolfe et al. [19746] fall 
on sharp boundaries for energetic electrons, but the shock 
crossings have little effect. On both the inbound and the out- 
bound legs the magnetopause was encountered more than 
once. Upon comparing different energy channels, one finds a 
hardening of the electron energy spectrum at the peaks of the 
10-hour cycle and no velocity dispersion in the abrupt fine 
structure. 


The radial variation follows roughly a I /R* envelope for 
relativistic electrons (Figure 7) and a steeper \/R* envelope for 
260- to 460-keV electrons (Figure 8). Lack of dispersion seems 
to be a consistent characteristic of the sharp features. The 10- 
hour modulation is explained by the concentration of particles 
near a tilted magnetic equator that wobbles up and down as 
the planet rotates. The sharpness of this concentration is 
evidence that the field lines are stretched out at the equator, 
forming a flat disk more or less symmetrical around the planet 
[Van Allen. 1974). Evidence that this magnetodisk is filled with 
a high-beta plasma has been given by Wolfe et al. [1974a] and 
Smith et al. [1974a], 

Corotation: microscopic features. The 10-hour periodicity 
suggests a corotating pattern in the particle distribution. To in- 
vestigate this pattern, we have plotted count rates versus 
system III longitude (cf. Mead [1974] for explanation of 
longitude systems at Jupiter) for 17 planetary rotations on the 
inbound leg (Figure 9, left) and 15 rotations on the outbound 
leg (Figure 9, right). 

On a microscopic scale, features generally do not persist 
from one rotation to the next. This observation seems to sup- 
port the hypothesis that the acceleration is local and the 
features appear and disappear in time like bubbles in a boiling 
cauldron of unstable plasma. 

However, there are exceptions. A striking example occurs 
on rotations e and / outbound (Figure 9, right) near 20° 
longitude. These dropouts are preceded by spikes and have a 
depth of 2 orders of magnitude. Since they are the biggest such 
events in all 32 rotations, they are probably the same feature 
persisting from one rotation to the next. It is noteworthy that 
there is no dispersion between 0.16 and 13 MeV on the edges 
of the impulses. 

There is also a suggestive correspondence between features 
on outbound passes / and m from 0° to 270° longitude. The 
likeness is not sharp, but the features look as if they were im- 
bedded in an elastic medium and would match up if the left 
edge of pass / were stretched 45° or so. Using the freedom to 
stretch the medium and studying the graphs intently, one can 
find many more correspondences (some of them surely imag- 
inary). These correspondences suggest that the accelerator is 
sometimes persistent and extensive in space, perhaps on a time 
scale of hours and a spatial scale of 5 or 10 Rj, and tends to 
follow the planetary rotation. 

Corotation: the fundamental periodicity. The 10-hour 
modulation in Figure 6 shows up in Figure 9 as the fundamen- 
tal wave of 360° period. This finding is explained by the posi- 
tion of the tilted Jovimagnetic equator as it wobbles up and 
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Fig. So. Inbound pass. 



Fig. 84. Outbound pass. 


Fig. 8. Radial dependence of nonrelativistic electrons in the magnetosphere. 


down at the planetary rotation rate toward and away from the 
spacecraft. On some rotations it appears that the spacecraft 
crosses the equator, producing a second harmonic in the 
modulation pattern. The swaybacked peaks prominent in in- 
bound passes E, F, and G are easily interpreted as equator 
crossings, the dip near 120” being an excursion into the op- 
posite hemisphere. 

However, it is easily Seen that the position of the equator is 
not constant. Evidently, space and/or time dependent external 
currents warp the magnetic equator. To pursue this, we sought 
to identify the magnetic phase of each rotation cycle. The most 
easily marked feature in Figure 9 is the minimum where the 
spacecraft reaches its highest latitude. This minimum is in the 
southern hemisphere inbound and in the northern hemisphere 
outbound. We placed the identification letters in Figure 9 at 
the longitude of the minimum after doing our best to match 
the 360° cycles of neighboring curves. This is a subjective fit 
and arbitrary in many cases. Then we plotted the positions of 
these minimums in radial polar coordinates (Figure 10). 

Comparison with the internal dipole field deduced by Smith 
et at. [1974a] reveals that inside 20 Rj the equator is found 
where it was expected, but further out one finds deviations of a 
suggestive nature. On the outbound pass there is a clear 
tendency for the minimums to lag their expected positions, 
and, the planetary rotation being counterclockwise, the lag is 
in the ‘garden hose’ direction. The amount of lag is moderate 
out to 70 Rj but then jumps by 90°. On the inbound pass there 
is a different trend with conflicting interpretations. Beyond 50 
Rj there is a phase lead of 90° (or a lag of 270°); inside 25 Rj 
there is no phase shift, and the transition from one to the other 
is ambiguous. 

Confusing the transition is a dropout of energetic particle 
fluxes visible in Figure 6 on December 1. Several inter- 
pretations of the phase crossover are possible. One is that the 
phase lead decreased of its own accord after pass K. and the 
dropout in pass L is not related but happened to arrive at such 
i time as to screen the transition. A contrasting interpretation 
s that the dropout is an inner dynamic feature of the 
ttagnetosphere, marking the boundary between regions of one 
ihase and those of the other. A third interpretation is that the 


dropout was externally applied and disturbed the 
magnetosphere enough for the phase to reset. 

Dropout of December I. The dropout of December 1 cor- 
responded to the expected arrival of a high-velocity plasma 
stream in the solar wind and returned the plasma at the 
spacecraft to flow conditions characteristic of the 
magnetosheath [Wolfe et at.. 1974a]. These observations led to 
the conclusion that the solar wind compressed the 
magnetosphere, pushing the magnetopause in past the 
spacecraft. Supporting this hypothesis are the observation that 
the last cycle of relativistic electron fluxes before the dropout 
was unexpectedly high (Figure 7 a) and the fact that the particle 
fluxes returned to magnetosheath levels during the dropout. 
Other suggestions have been made that the magnetodisk was 
deflected up or down and that it tore off completely, cen- 
trifugal forces whirling it away into interplanetary space. 
These hypotheses all leave one with the distasteful coincidence 
that just when one is expecting (through hindsight) some 
change to straighten out the phase of the warped equator, a 
solar-induced event occurs that has the required outcome. 
Therefore until contrary proof is shown, one should also enter- 
tain the possibility that there is a cause-effect relationship 
between the dropout and the rectification of the equatorial 
warp. 

Directional flux. For the most part the energetic electron 
fluxes in the outer magnetosphere are isotropic. However, this 
is not always the case. Figure 1 1 shows a field-aligned particle 
distribution that lasted several hours. The parallel to perpen- 
dicular ratio is an impressive 5 : 1 without deconvolution of the 
instrumental resolution. 

One way to produce a stream of particles parallel to the 
magnetic field is by accelerating particles near the foot of the 
line of force in the ionosphere. No matter what pitch angle 
they started out with, they will be moving parallel near the 
equator because of the first adiabatic invariant. However, 
there is another possibility that seems likely in the dynamic in- 
flated magnetosphere of Jupiter. If a current sheet or ring 
current increases with time, it will lower the value of | B\ on a 
line of force, distending the field. A particle distribution that 
started out isotropic at that position will be squeezeefinto two 
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Fig. 9. Longitude variations of relativistic electrons. System lii 
longitude is plotted from right to left, since it is a left-handed system, 
and so time progresses from right to left on each curve. The curves 
are in alphabetical order from one rotation to the next. (Left) In- 
bound pass: the alphabetical label for each rotation is placed at the 
ordinate corresponding to 10* counts s"‘. (Right) Outbound pass: the 
alphabetical label for each rotation is at 50 counts s"'. The abscissa of 
the label indicates the system III longitude of the minimum selected by 
matching to the 360° cycles of the neighboring curves. 


cones parallel to the field with no locally mirroring particles. 
Comparison with other detectors and with the magnetic field 
data may explain this particle distribution. 

Stable Core of High-Intensity Radiation 

Summary. Inside 20 Rj the radiation belts take on a 
different character. The scale increases (Figure 6), and the im- 
pulsive dynamism of the outer region gives way to a more 
stable diffusive equilibrium. The angular distributions tend to 
peak near 90°, although the amplitude of modulation is rarely 
as great as 30%. Comparing high- and low-latitude crossings of 
the same L shell gives pitch angle distributions that range from 
sin 4 a near periapsis to no dependence farther out. The 
characteristic energy of the electron energy spectra increases 
inward, and the intensities of high-energy electrons rise 
dramatically; for example, electrons of energy >35 MeV have 
an e-folding length of 1.1 Rj. The nonrelativistic electron flux 
reaches a peak near 10 Rj but decreases closer in, much of the 
decrease clearly being caused by Europa. The satellites Io and 
Europa interact strongly with the trapped radiation, both 
moons acting as absorbers of high-energy radiation and Io ap- 
parently acting as a source of low-energy electrons. The only 
proton-sensitive channel in the UCSD package (M3 for 
protons of energy >80 MeV) responded only inside 9 Rj, 
where it detected a shell of protons peaked at L = 3.7 with 
lower intensities inward of the peak. 

Nonrelativistic electrons. We have already discussed the 
design of detector E and the background problem from 
penetrating particles. In this section we present electron fluxes 
that result from performing careful but still tentative 
background subtractions. 

One approach was seen in Figure 8. Using detector E alone, 
one can form a differential energy slice by subtracting the flux 
above one threshold from the flux above a lower threshold. 
Because the geometric factor of channel E2 is 1.8 times that for 
channel E3, for these channels this amounts to the difference 
between E2 and 1 .8 * E3, normalized to the E2 geometric fac- 
tor. The difference was computed once per commutation cycle 
by using average values for the count rates. The data inside 4 
Rj were deleted from Figure 8 because the difference went 
negative, with E2 * 1.7 * E3. 

Although this approach is straightforward, it is imperfect in 
that the geometric factors were obtained for nonpenetrating 
particle spectra of a particular form. Near periapsis this spec- 
tral form is known to be invalid, and channel Ml gives us 
evidence that most of the counts are from penetrating par- 
ticles. 

To subtract penetrating particles, we turn to channel Ml. 
However, before proceeding we must introduce some ad- 
ditional information that is important for determining the ex- 
act amount of subtraction needed. The responses of E and M 
to penetrating particles differ significantly from isotropy, 
producing directionally modulated counting rates. Out where 
the spectrum is soft the phase of the modulation for detector 
M is in quadrature with that for detector E. That is, detector E 
is peaked when the look direction is perpendicular to the line 
of force, as one expects for the pancake-shaped distribution 
characteristic of trapped particles; but detector M is peaked 
when the look direction is parallel to the line of force. It is in- 
ferred that the penetrating particle response is highest for par- 
ticles going sideways (Figure 2), and this finding is attributed 
to a thin spot in the shielding plus higher efficiency because 
sideways particles have a longer path length in the detector. 
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Fig. 10. Position of the high-latitude minimums of the relativistic 
electron flux (£ > 6 MeV). The arrow marks the tilt direction of the in- 
ternal dipole field. With no external currents the minimums should 
line up with the arrow. 

Near periapsis, however, the modulation on all three E 
channels shifts so as to be in phase with M and peaked when 
one is looking along the line of force. This shift confirms the 
evidence from the average M 1 rate that detector E is swamped 
by penetrating panicles. Modulation in this phase is a signa- 
ture of penetrating radiation and a useful criterion for deter- 
mining the amount of subtraction needed to recover soft 
electron fluxes. 

Such a criterion is necessary because the shielding around 
detectors E and M is not perfectly matched, and as can be seen 
from Figure 2, detector M gets more protection from the 
spacecraft. Thus it is not surprising that the naive difference, 
E3 - Ml, exhibits modulation in the phase of penetrating 
radiation; i.e., it does not remove all of the background. The 
minimum subtraction that yields a difference peaked perpen- 
dicular to the line of force is E3 - 1.12 • Ml. Each term of this 
expression and the difference itself are exhibited in Figure 12, 
and subtractions for all three E channels are shown in Figure 



Fig. 11. Occurrence of a field-aligned particle flux. 
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Fig. 12. Minimum background subtraction that yields a difference 
that is peaked perpendicular to the field direction. Symbol _ indicates 
that each rate is evaluated in looking perpendicular to the local field. 


13. (Times given are spacecraft time, about 45 min earlier than 
ground-received times.) 

These subtraction coefficients were obtained empirically 
by using the directionality test plus the condition that £1' > 
£2' > £3' > 0, where £1' denotes the corrected count rates 
from channel El, El' denotes those from E2, etc. We have 
laboratory calibrations of the efficiencies of these channels to 
penetrating radiation, and the empirical coefficients fall within 
the uncertainties of our laboratory data. However, the 
reasonability criteria from the flight are more stringent than 
the laboratory calibrations. 

The differences are such a small fraction of the original rates 
that uncertainties in the soft particle intensities are quite high. 
However, most of the features appear in Figure 13 that were in 
Figure 8, and this leaves no doubt of their reality. Several 
features of interest are as follows: 

1. The soft electrons go through a maximum at 11 Rj and 
are not so intense at periapsis. 

2. The intensities decrease at the orbits of Europa and Io. 

3. There is a spike of soft electrons at the innermost edge 
of the Io band. 

4. At 8 Rj outbound, there is a ‘teat’ in which the elec- 
trons mostly have energy below 460 keV. 

I IN JUPITER RADII 



Fig. 13. Detector E rates after a tentative background subtraction. 
The shaded bands indicate times when the spacecraft is on L shells 
traversed by the inner moons of Jupiter. 
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Fig. 14. Electron fluxes measured by detectors E. C, and M. The directional fluxes from detectors C and E were con- 
verted to omnidirectional fluxes by multiplying the peak flux by 8.5 sr. The shaded bands indicate times when the spacecraft 
is on L shells traversed by the inner moons of Jupiter. Throughout this paper we refer to time at the spacecraft, which is ap- 
proximately 45 min earlier than ground-received time. 

5. There are large-scale fluctuations outbound in the band 
of Europa. 

6. There is a broad secondary peak at periapsis. 

Figure 13 confirms our expectation that the radiation belts 

come about by inward diffusion of particles from an external 
source. The first cause for the dearth of soft electrons is the 
loss that takes place at Europa and Io. Lack of replenishment 
would imply that the moons cut the inner region off from the 
source of these particles. For the most part this appears to be 
true. 

However, there is evidence for an internal particle source. 

The spikes just inside the Io band seem too sharp to have un- 
dergone much diffusion. Furthermore, the angular distribu- 
tion in these spikes is dissimilar to that in its surroundings, be- 
ing more concentrated perpendicular to the magnetic field. 

These properties could result from local acceleration. Indeed, 
acceleration of electrons in this energy range at Io was 
suggested by Gumett [1972], but we note with caution that 
Gurnett’s model produces pitch angles parallei to the field line 
[Hubbard el at., 1974], 

The teat at 8 Rj outbound has some of the characteristics of 
local acceleration, but it is much more equivocal. A better 
quantitative understanding of the diffusion process may enable 
us to trace this feature to the source. 

The fluctuations outbound in the band of Europa are real, 
but their origin is a matter for speculation. They give evidence 
for dynamic processes acting on a certain scale, and if these are 
the determining processes for the radiation belts as a whole, 
they may help to establish the relationship between the 
microscopic and the macroscopic viewpoints. 

The secondary peak at periapsis may be artifactual or real. 


It replicates the Ml profile with suspicious fidelity. However, if 
the difference is forced to zero here, it misbehaves elsewhere. 
We believe that a more precise estimate of differential low- 
energy fluxes can be effected by subtracting two terms, one 
from detector M and one from a higher channel of detector E. 
The question may be resolved when this subtraction is done. 

Electron spectrum. Figure 14 displays electron intensities 
spanning the energy range of our instrument. The channels 
shown are El', C2, and Ml, but the other channels on detec- 
tors E and C are similar to the ones given. Fluxes measured by 
the directional detectors E and C were converted to omnidirec- 
tional fluxes by multiplying the peak flux by 8.5 sr. 

Besides the features at low energies that we have discussed 
already we note the satellite absorption effects at higher 
energies and the different shapes of the profiles. The >9-MeV 
channel is scarcely affected by Europa but takes large losses at 
Io. On the other hand, the >35-MeV electrons seem to diffuse 
by both satellites with little or no absorption. 

The energy spectrum undergoes many variations 
throughout the figure, but the central feature is the hardening 
of the spectrum toward periapsis. When an integral power law 
approximation is used, the spectrum runs from outside 
Europa to E~°* or less at periapsis. However, this spectral 
form does not adequately represent the data. We are still look- 
ing for an adequate form, but we present a better approxima- 
tion in a later section of this paper. 

Satellite interactions. Interactions of energetic electrons 
with Jupiter’s moons show up clearly in Figures 8. 13. and 14. 
We reiterate the main observations here: 

I. Europa strongly absorbs electrons in the energy range 
from 0.16 to about I MeV. 
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Fig. 15. Protons of energy >80 MeV counted in channel M3. 


2. Europa exerts little or no absorption on electrons of 
energy >9 and >35 MeV. 

3. lo strongly absorbs electrons near 9 MeV in energy. 

4. Io also absorbs lower-energy electrons, of energy down 
to 0. 16 MeV, but the fluxes and energies are too uncertain for a 
quantitative evaluation. 

5. Electrons in the >35-MeV channel experience little or 
no absorption at Io. 

6. Injection of electrons takes place in the vicinity of lo, 
resulting in a spike of particles in the energy range 0. 16-1 MeV 
with a pancake angular distribution just inside Io’s orbit. 

The importance of the moons’ immersion in the radiation 
belts has long been foreseen and discussed. The sweeping of 
energetic particles in particular was covered recently by Mead 
and Hess [1973] and Hess et at. [1974], Although the data bear 
out some of their predictions, there seem to be additional com- 
plexities and, not surprisingly, poor quantitative agreement 
between predictions and observations. 

We leave a thorough treatment of the data to a later paper, 
but we list below some of the features that we think will enter 
into the accounting: 

1. The relative latitude of spacecraft and moon; i.e., does 
the spacecraft pass the moon’s orbit at higher latitude or 
equatorward of the moon? 

2. The effect of the moon on the angular distribution of 
trapped particles. 

3. The particle drift frequency in a coordinate frame co- 
rotating with Jupiter. 

4. The orbital frequency of the moon in a coordinate 
frame corotating with Jupiter. 

5. The relative longitude of spacecraft and moon at the 
time that the spacecraft crosses the moon’s path. 

With respect to items 3 and 4 above, we note that at the or- 
bit of Io, the drift velocity of 35-MeV electrons in a corotating 
frame of reference keeps pace with the orbital corotationai 
velocity of Io. Thus the moon never catches up with the par- 
ticles, and no sweeping is accomplished. 

Proton observations by channel M3. In the entire 3 weeks 
inside the Jovian magnetosphere the only time Pioneer 10 en- 
countered protons of energy >80 MeV was in the 'h. day 
centered on periapsis. Channel M3 made unequivocal iden- 
tification of protons, but there was enough electron con- 
tamination in the channel to create uncertainty in the absolute 
flux. 

Trace A in Figure 15 shows the profile of channel M3 con- 


verted to particle flux but uncorrectcd for electron 
background. Note the two peaks, both of which occur at L = 
3.7. Channel Ml, counting electrons, has only one peak 
centered on L = 3 inbound. 

Figure 16 shows the M3 rate plotted versus the M2 rate. The 
proton contribution to the M2 rate is less than 5%. The twin 
peaks of channel M3 and the single peak in channel M2 can be 
seen, and if any doubt remains, the double-valued nature of 
this plot proves that there are two independent functions. 

The electron background in channel M3 can be evaluated as 
the sum of two terms in M2: a linear term representing their 
relative efficiencies for single electrons and a quadratic term 
representing the chance that two M2 pulses will occur 
simultaneously so as to look like a single pulse of twice the 
height. The linear term is plotted in Figure 16 as line B, and the 
quadratic term as line A. Line B is the maximum linear term 
that will not force the corrected M3 rate negative, and this 
term was adopted. There is some uncertainty in the coefficient 
for the quadratic term. The correct value is certainly between 10 
and 90 ns, and the value of 45 ns is our best estimate. Lines B t , 
B,, and B, in Figure 15 show channel M3 after subtracting the 
adopted linear term and quadratic terms using the extreme 
and the most probable coefficients named above. Subtraction 
of the electron background does little to change the character 
of the proton distribution. The peaks at L =* 3.7 only become 
more distinct, and there clearly are protons in the valley 
between the peaks. 

The reason for this remarkable proton behavior is not un- 
derstood. The peaks are so sharp that a discontinuity in the 
diffusion rate or a nearby source or loss term seems needed. 
The spacecraft might enter the band of L shells traversed by 
Amalthea, but if the innermost moon is sweeping up protons, 
it is strange that it docs not have the same effect on electrons. 
(All magnetic field calculations in this paper use the 
preliminary D, model of Smith et al. [1974a], According to this 
model the spacecraft trajectory overlaps the Amalthea L shells 
below L = 2.95. However, a new model labeled D, is presented 
in this issue [Smith et al., 19746], and with this model th» 
overlap disappears [Mead, 1974].) We look forward to the ei 
counter of Pioneer 1 1 to find out what the protons do closer in. 

Differential energy spectra and phase space densities. Since 
the phase space density of electrons is needed for certain types 

'0 4 c 1 — 1 — 1 r 1 r 'i| 1 — i — i i i i m | 



Fig. 16. Evaluation of the electron background in the proton channel 
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TABLE 3. Parameters for Constructing Differential Spectra 
From the UCSD Data 


£. Rj 

K , el cm’ 2 s’ 1 sr’ 1 MeV’ 1 

H, MeV 

Y 

25 

4.0 x 10 s 

1.3 

4.39 

20 

6.2 x 10 s 

0.9 

4.30 

IS 

6.0 x 10 6 

2.1 

4.8S 

12 

7.6 x 10 7 

1.9 

5.00 

11 

6.2 x 10 7 

2.7 

5.35 

10 

9.4 x 10 s 

7.8 

6.8 

9 

1.6S x 10 6 

75. 

25.1 

8 

2.20 x 10 s 

60. 

18.7 

7 

1 .55 x 10 6 

150. 

33 

6 

9.4 x 10 s 

45. 

9.0 

5.56 

4.1 x 10 6 

7.0 

3.58 

5 

1.26 x 10 s 

15 

3.89 

4 

1.72 x 10 6 

7.4 

2.44 

3.5 

4.7 x 10 6 

2.6 

1.93 

3* 

1.19 x 10 7 

1.1 

1.74 

3+ 

1.88 x 10 6 

4.4 

1.89 


•El - 2.60M1 was used (as was done in Figure 13). 
tSix percent more background was subtracted (reduces net 
by a factor of 2) . 


of theoretical work, an attempt has been made to obtain 
differential spectra. After trying a number of functional forms 
the function jdE - K(1 + pc/H)~ y dE was chosen, where j is the 
directional number flux per unit energy, p is the electron 
momentum, c is the velocity of light, and AT, H, and y are the 
fitting parameters. 

The phase space density is then -rcPp = jp~ 1 cPp = Kp~\ 1 + 
pc/ H)~ y cPp. It is convenient for computation to put this in 
terms of the first invariant, m = p 2 /(2mJ3), where B is the 
mirror point magnetic field: 

rd 3 p = ~ ~ [1 + (2 m a c'Bp)' n /HY y A 

The total number density of electrons with momentums 
greater than p is easily computed: 

n{>p) = {y T - H \)c 0 ' + pc/H)l " r 

A preliminary set of fits to the data on the inbound part of 
the traversal is given in Table 3. Values of the parameters H 
and y have been determined by comparing the observed ratios 
EI/C2 and C2/M 1 with the ratios obtained by integration over 
the measured efficiencies versus energy. Channels El, C2, and 
Ml were chosen because (1) they are relatively free from 
saturation, drift, and background problems and (2) they cover 
the full energy range available with the UCSD instruments. 
The El rates were corrected for penetrating particles as was 
previously described, and the C2 rates have been multiplied by 
a factor varying between 1.0 and 1.3 to compensate for 
photomultiplier gain losses. Effects due to deviations from 
isotropy were ignored in this first attempt. No normalization 
for latitude variation is included. These fits will undoubtedly 
be supplanted as the data analysis is further refined but should 
provide useful interim estimates over the energy range of 
0.2-60 MeV. It must be kept in mind, however, that these 
three-parameter differential fits were derived from three in- 
tegral measurements made by instruments that are at times 
near their performance limits. 


Evaluations of the phase space density at constant p inside 
L = 12 reveal a monotonic decrease toward smaller L values 
with the exception of the narrow region associated with the ap- 
parent injection by Io (L = 5.6, m - 10 MeV/G). The fits are 
thus compatible with the notion of electron injection in the 
outer region and radial diffusion inward. In addition to the 
losses associated with the satellites Europa and lo the fits seem 
to require an additional mechanism to cause losses of a factor 
of 4 or more between L = 5 and L = 3. 
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Radiation Belts of Jupiter: A Second Look 

Abstract. The outbound leg of the Pioneer 11 Jupiter flyby explored a region 
farther from the equator than that traversed by Pioneer 10, and the new data 
require modification or augmentation of the magnetodisk model based on the 
Pioneer 10 flyby. The inner moons of Jupiter are sinks of ' energetic particles and 
sometimes sources. A large spike of particles was found near Io. Multiple peaks 
occurred in the particle fluxes near closest approach to the planet; this structure 
may be accounted for by a complex magnetic field configuration. The decrease in 
proton flux observed near minimum altitude on the Pioneer 10 flyby appears 
attributable to particle absorption by Amalthea. 


Pioneer 11 traversed Jupiter’s mag- 
netosphere almost exactly 1 year after 
its predecessor. Pioneer 10 (i). The 
outbound trajectory was farther from 
the equator than previous passes, and 
high particle fluxes encountered here 
challenge the original magnetodisk 
model of the outer radiation belts. 

Figure la illustrates the observations. 
The large peak spans the closest ap- 
proach to the planet at 0523 on 3 De- 
cember with the inbound leg to the left 
and the outbound leg to the right. The 
low latitude data inbound exhibit modu- 
lation at the Jovian rotation rate with 
intensity maxima near the expected 
position of the magnetic equator. Cross- 
ings of the current sheet, identified by 
the magnetometer experiment (2), were 
found to be in coincidence with some 
of the maxima. These observations are 
similar to those from Pioneer 10 and 
are consistent with the magnetodisk 
model. The outbound pattern is decep- 
tively similar to that near the equator, 
with strong modulation at the planetary 
rotation frequency and comparable in- 
tensities. However, there were no cur- 
rent sheet crossings (2), and the maxi- 
ma were higher even than recorded 
inbound. Such high intensities were not 


visualized in the original magnetodisk 
model. 

According to the original model, the 
energetic radiation is contained in a 
disklike volume defined by nearly radial 
lines of force stretched outward by a 
current sheet at the equator. The tilt of 
the internal planetary field imparts an 
up-and-down motion to the current 
sheet at the planetary rotation frequen- 
cy, and the modulation of the trapped 
radiation is caused by this up-and-down 
motion in conjunction with a very 
sharp vertical gradient of the trapped 
radiation. Because the intensity was 


already reduced by one or two orders 
of magnitude only 10° from the equa- 
tor, we had expected very little radia- 
tion at higher latitudes. 

It may be that the configuration is 
altered by a local time difference. If 
so, however, the change must take place 
across only 45° in rotation from mid- 
morning to noon. Alternatively, if the 
high outbound fluxes arc caused by a 
real time change, it would have to be 
synchronized coincidentally' with closest 
planetary approach, and no such 
changes were recorded at other times 
when the spacecraft was in the mag- 
netosphere. If these possibilities are 
ruled out, it is still not clear that the 
magnetodisk model must be abandoned, 
for this model and the higher latitude 
phenomena may exist side by side. If 
this is the case, the Pioneer 1 1 data 
imply a latitude profile that initially 
decreases from a maximum at the 
equator, goes through a minimum, and 
then increases to a greater maximum at 
higher latitudes before dropping off 
again. The physical processes respon- 
sible for this latitude stratification and 
the interaction between these radiation 
zones are open questions. However this 
problem is resolved, it is clear that the 
new measurements at high latitude pro- 
vide indispensable information regard- 
ing the dynamics and configuration of 
the vast Jovian magnetosphere. 

It is natural to investigate the phase 
of the modulation for clues regarding 
the magnetospheric model and internal 
physical processes. The data in Fig. lb 
have been filtered to display frequen- 
cies near the planetary rotation cycle, 
and we have included tic marks syn- 
chronized to Jupiter’s rotation. The tics 
on the lower border occur at intervals 
of one Jovian day (9 hours, 55 min- 
utes, 29.37 seconds); the marks on the 
bottom line indicate when the space- 
craft is aligned and antialigned with 


Table 1. Zenoceniric and magnetic coordinates for particle features in Fig. 3; L, magnetic 
shell parameter. 


Feature 

in 

Fig. 3 

Zenocentric coordinates 


Magnetic cordinatcs 

R 

IR.) 

Latitude 

(deg) 

Longitude 

III 

(deg) 


Model D.» 

Model 0,t 

L 

Magnetic 

latitude 

. L 

Nt 

1.76 

- 38.6 

313 

2.79 

- 36.2 

2.48 

XI 

1.62 

- 24.3 

342 

2.13 

- 27.0 

1.72 

N2 

1.60 

- 18.0 

332 

1.99 

- 22.7 

1.61 

X2 

1.63 

1.0 

18.0 

1.77 

- 8.3 

1.61 

N3 

1.73 

13.2 

35.1 

1.84 

2.0 

1.79 

X3 

1.82 

18.3 

43.3 

1.92 

6.8 

1.93 

N4 

2.13 

31.8 

68.7 

2.47 

20.3 

2.36 


• See («). t Sec (7). 
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Fig. 1. (a) The flux of 
electrons of energy > 5 
Mev recorded by the 
UCSD trapped radiation 
detector along the Pio- 
neer 1 1 trajectory through 
the Jovian radiation belts. 
The labels MPX-1, 
MPX-2, and MPX-3 
mark the times when the 
spacecraft entered or left 
the magnetosphere (JO), 
(b) Running averages (1 
hour) of flux and a spec- 
tral ratio for electrons 
of energy near 5 Mev. 
The middle trace is iden- 
tical to the top trace 
except for the 1-hour 
filter. The bottom trace 
is the ratio of two chan- 
nels with energy thresh- 
olds above and below 5 
Mev. Higher ratios indi- 
cate harder spectra. 


the internal magnetic dipole. These 
would be the times of highest and low- 
est latitudes in a coordinate system 
fixed to a wobbly magnetodisk that was 
rigid and unwarped. Phase shifts be- 
tween this and the diurnal clock are 
caused by the angular swing of the 
spacecraft around the planet. For an 
unwarped wobbly magnetodisk the clos- 


est approach to the equator would be 
at 225° inbound, would change phase 
when the spacecraft crosses the equa- 
tor, and would be at 45° outbound. 
The phase change is the difference be- 
tween this model and one in which 
the maxima occur at a single longitude 
in both hemispheres. 

None of these timing marks predict 


the maxima with any precision. A phv 
change seems called for to describe the 
intensity modulation; however, the ratio 
is in phase with the intensity after 
closest approach although it is not in 
phase for several cycles before. 

Differences in phase between a mod- 
el and the observed peaks can be ex- 
plained in terms of spiraling of field 
lines caused by the angular momentum 
lag of an outward moving plasma, or 
warping of field lines from viscous in- 
teractions with the solar wind, or other 
mechanisms. Although these differences 
contain important information, unfortu- 
nately they allow different models 
enough freedom to be brought into 
agreement with the data. 

A comparison of Fig. la with Fig. 
Ib emphasizes the abruptness of the 
fluctuations. Without filtering, the data 
are very spiky and suggest large tem- 
poral changes. The prevalent angular 
distribution is isotropic. In these re- 
spects the Pioneer 11 data are similar 
to the Pioneer 10 data. 

The Pioneer 11 data confirm the 
major findings of Pioneer 10 in the 
high-intensity inner magnetosphere. Fig- 
ure 2 shows five channels of the Uni- 
versity of California at San Diego 
(UCSD) instrument plotted versus 
time. If these data were plotted versus 



Fig. 2 (left). Integral fluxes of protons and electrons of kinetic energies greater than the values indicated. The uppermost trace 
shows the combined energy flux for electrons and protons above the threshold and below —0.1 Mev (electrons) and several 
Mev (protons). The right scale refers to the uppermost trace only; all other profiles should be measured with the left scale. The 
average positions of the orbits of the inner Jovian satellites are indicated by dashed lines as calculated with the use of the D, 
magnetic field model (J). Particle fluxes corresponding to the two top profiles are not shown near closest approach to the planet 
because they are too low to be distinguished from the energetic particle background. Fig. 3 (right). Electron and proton fluxes 
measured near the closest approach of Pioneer 11 to Jupiter (1.6 Ri from the center of the planet at 0523). The multiple peak 
structure may be accounted for by a higher-order spherical harmonic expansion of the magnetic field. 
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magnetic coordinates, the broad peak 
on 2 December and the minimum at 
0100 on 3 December would emerge 
as spatial effects associated with mag- 
netic latitude. As with Pioneer 10, the 
largest numbers of high-energy particles 
are found nearest the planet and there 
is a cavity of low-energy particles in- 
side the moons Europa and Io. With 
the Pioneer 10 data we demonstrated 
that these features are consistent with 
inward radial diffusion (J), and we 
derived diffusion coefficients from the 
loss rate at the moons (4). 

The peak (luxes of electrons experi- 
enced by the Pioneer 1 1 spacecraft 
were comparable to those experienced 
by the Pioneer 10 spacecraft. Since 
Pioneer 1 1 approached the planet more 
than 1 Jupiter radii ( R } ) closer than 
Pioneer 10, this comparison shows that 
the radial gradient levels off. 

The Pioneer 1 1 electron fluxes at 
high latitude are significantly higher 
than those which would be extrapolated 
from the Pioneer 10 latitude depen- 
dence near the equator. This may be 
another manifestation of the same phe- 
nomenon discussed above for the outer 
magnetosphere. The Pioneer 10 and 
Pioneer 1 1 magnetic coordinates 
crossed each other in the inner region 
only between 10 and 13 R } . At three 
crossover points the ratios of electron 
fluxes were near unity for energies 
from 0.2 to > 35 Mev, and we believe 
that the radiation belts are stable over 
the time period of a year. 

On 3 December Pioneer 11 had a 
near encounter with the magnetic flux 
tube containing Io. Between 0300 and 
0330 the spacecraft passed within 
probably 6000 km of the flux tube. 
.[This distance is based on the D. mag- 
netic field model (5) and will differ 
for other models.] The flux of electrons 
of energy E > 0.46 Mev jumped sud- 
denly by an order of magnitude to the 
highest level encountered by either 
spacecraft (see Fig. 2). Just past the 
magnetic coordinate of Io these par- 
ticles disappeared below the minimum 
we can accurately extract from the 
high-energy background. Particle ac- 
celeration on this flux tube had been 
predicted (6) because of lo's remark- 
able control over the decametric radio 
noise from Jupiter. In the context of 
these models, a conservative estimate 
for the power in the particles near Io 
is — I0 ,a watts, and this can easily 
supply the 10 8 watts of radio power 
observed. 

During its closest approach to the 


planet, Pioneer 1 1 passed through mul- 
tiple peaks in the trapped particle fluxes 
at all energies. This region is shown in 
detail in Fig. 3. Three maxima and four 
minima are indicative of the time pro- 
file, and position coordinates for these 
features are given in Table 1. Minima 
N1 and N4 may reasonably be at- 
tributed to particle absorption by Amal- 
thea. However, since there are no more 
moons nearby, the other features re- 
quire another explanation. 

It might be that the field is con- 
voluted in such a way that the trajec- 
tory passed through the same features 
more than once; or it might be that 
asymmetries in the field cause certain 
particle drift surfaces to dip into the 
planetary atmosphere where the par- 
ticles would be absorbed. Such effects 
would not be predicted by a dipole 
representation of the field, but higher- 
order terms in the magnetic field ex- 
pansion are likely to become important 
at these close distances. One might then 
expect a magnetic field model which 
contains higher-order terms to be neces- 
sary to organize the particle data. It is 
not assured that the field mapping by 
Pioneer 10 and Pioneer 11 covered a 
sufficient range to determine all the 
possibly complex radial, longitudinal, 
and latitudinal irregularities near the 
planet. However, we do have the op- 
portunity to compare a preliminary 
octopole model with what is probably 
the best dipole representation possible 
(7, 8). Magnetic coordinates from 
these models are listed in Table 1, and 
times when the spacecraft crossed the 
magnetic equator and when it passed 
through the range of particle drift 
shells traversed by Amalthca are mark- 
ed for each model in Fig. 3. As we 
expect minima at Amalthca and maxi- 
ma on or near the equator, it is clear 
that a better correspondence is ob- 
tained with the octopole model. Further 
work is required to explain the multiple 
peaks, but it is encouraging that the 
first attempt at a higher-order field 
expansion brings about this much im- 
provement. We believe that further 
work in this direction will be fruitful. 

With regard to the absorption of par- 
ticles by Amalthea, it may be recalled 
that for Pioneer 10 there was a decrease 
in the proton flux near its closest ap- 
proach, but the reason for this behavior 
was not determined. The peaks ob- 
served for Pioneer 10 correspond close- 
ly to the relative maxima outside mini- 
ma N1 and N4 in Fig. 3, and those 
minima can be identified with the de- 


crease in the Pioneer 10 mission. The 
Pioneer 1 1 flux recovered inside this 
position and climbed by a factor of 
— 15 higher than the maximum of Pio- 
neer 10. It is now safe to conclude 
that, of the possibilities discussed for 
Pioneer 10, the absorption effect of 
Amalthca is dominant. 

Since absorption losses depend upon 
the radial diffusion velocity of the par- 
ticles, we can estimate the diffusion 
coefficient from the observed decrease 
in the particle fluxes across the region 
of Amalthca. We deduce the following 
preliminary values of the diffusion co- 
efficient D: for protons of — 100 Mev, 
D ~ 3 X !0 -a sec -1 and for electrons 
of — 90 Mev, £> ~ 2 X 10~° sec -1 . 
These values are —1/20 of the 
value we derived for 14-Mcv elec- 
trons at the orbit of Io based on 
Pioneer 10 data. However, spatial and 
energy dependences of the diffusion 
coefficient are expected (9). 

In conclusion, we note that the in- 
tegrated radiation dose received by 
Pioneer 1 1 was considerably smaller 
than that received by Pioneer 10, and 
there was no permanent radiation dam- 
age to the UCSD instrument. 

R. Walker Fillius 
Carl E. McIlwain 
Antonio Mogro-Campero 
Physics Department, University of 
California, San Diego, La Jolla 92037 
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Abstract 

We review the data and initial analyses from the University of 
California, San Diego instruments on Pioneers 10 and 11. The 
Pioneer measurements are the first ever made in the Jovian magneto- 
sphere, and, as they are still too fresh and too copious to be interpreted 
completely, we encounter unanswered and new problems in our discussion. 
Energetic electrons of Jovian origin are found in interplanetary 
space. Although we now know that the Jovian magnetosphere is larger 
than had been expected and is inflated by distributed currents, there 
is uncertainty regarding its configuration and the dynamics of energetic 
electrons contained in the outer region. The five innermost moons of 
Jupiter orbit within the radiation belts and affect the intensities 
and angular distributions of the radiation by both absorbing and 
injecting particles. In the inner region radial and pitch angle diffusion 
are dominant processes as at Earth. Near the Pioneer 11 periapsis there 
were multiple peaks in the proton and electron intensities that have not 
been explained. We also present the Pioneer 10 and Pioneer 11 flyby 
trajectories in several coordinate systems useful for studying the 
behavior of the trapped radiation. 



INTRODUCTION 


The two Pioneer flyby's have initiated direct studies of the 
trapped radiation belts of Jupiter. These in situ measurements 
supplant the meagre inferences which were the best that could be drawn 
from remote observations. The new knowledge is an important step 
toward generalizing our understanding of radiation belts. Before 
Pioneer 10 one had only one observable example from which to infer 
the properties of radiation belts as a class. More cases exist 
and the class is important, not only from its intrinsic interest 
per se, but also because of its bearing on astrophysics and plasma 
physics. Reciprocally, there is no doubt that a more generalized 
understanding of other radiation belts will have application to 
the original case at Earth. 

The only remote indication of the presence and properties of 
energetic particles surrounding a planet or astronomical object is 
their radio emission. The Earth and Jupiter are both sources of 
radio waves, as are many astronomical objects. However, the 
mechanisms for generating all of the waves are not well known, 
and even if they were, they would enable one to deduce only a 
limited amount of information. One of the exercises prompted by 
the Pioneer data is to relate local particle fluxes to remote 
radio emissions. Examining these relationships should improve the 
inferences one derives about other objects. 

By far the best and most reliable information we have on the 
Jovian radiation belts is that collected by Pioneers 10 and 11. 



This paper is a review of preliminary results from the University of 
California, San Diego Trapped Radiation Detector package. This is 
one of several charged particle instruments on board, and some of 
our findings overlap those of other experiment teams . We will refer 
to their work when we feel it augments ours, but for a complete 
view of their findings, the reader is referred to the companion 
pieces in this volume [van Allen, 1976; Simpson and McKibben, 1976; 
McDonald and Trainor, 1976], The Pioneer data are too recent, too 
copious, and too undigested to allow a definitive review at this time. 
Our paper will not look backward, then, but forward, and as we present 
some of the major features of the Jovian radiation belts, we will 
emphasize the questions which they pose to our understanding. 



THE UCSD INSTRUMENT AND THE FLYBY TRAJECTORY 


Tables I and II summarize the capabilities of the University of 
California (UCSD) Trapped Radiation Detectors during the Pioneer 10 and 
Pioneer 11 flybys. The instrument package contains five sensors of 
three different kinds, consumes 2.9 watts, and weighs 3.9 lbs. The 
instrumental characteristics are described in more detail by Fillius 
and Mcllwain Cl974b], 

The encounter trajectories have been described by Hall Cl974; 1975] 
and Mead Cl974]. We complete this section by showing the flyby trajec- 
tories in coordinate systems helpful for studies of the radiation belts 
(Figures 1-5). In Figure 1 the trajectories are projected onto Jupiter's 
equatorial plane to show the local time coverage, which is predominantly 
in the morning quadrant. The coverage in magnetic latitude is shown in 
Figure 2. The plane of this figure is defined to contain Jupiter's 
internal dipole moment vector and the spacecraft (or moon). Thus the 
magnetic equator always intersects this plane in a horizontal line through 
the origin, and magnetic latitude appears in the usual way. Because the 
dipole is tilted by 10.6° with respect to the spin axis, a fixed observer 
would see the magnetic meridian plane wobble back and forth with the 
planetary rotation period. This wobble is what causes the spacecraft 
and lunar loci to oscillate in latitude. The fixed observer would also 
see the meridian plane swing as if hinged on the dipole vector and follow 
the spacecraft (or moon) in local time. It is because of this swing that 
the spacecraft appears not to go around the planet. The dipole magnetic 
field line through Io is shown for illustration. 
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The gyrocenter of a trapped particle travels along a magnetic field 
line, bouncing back and forth between mirror points. It is hard to trace 
this motion in Figure 2 because of the varying curvature of the field 
lines. Therefore Figure 3 shows the trajectories in magnetic dipole 
coordinates, where lines of force are straight. The vertical axis is 
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latitude. The shaded areas represent L shells where sweeping of trapped 
radiation can be accomplished by the moons (see Section V (a).) 

In addition to bouncing in latitude, particles also drift in 
longitude. Longitude drift is driven by electric fields and by the 
gradient and curvature of the magnetic field. .In the idealized case, where 
there are no electric fields parallel to the magnetic field, electric 
field drift causes particles to circle the planet at just the planetary 
rotation frequency. In this case we refer to the magnetosphere as 
"corotating," and, by viewing the particles' longitudinal motion in a 
coordinate system fixed to the planet, we can forget about this component 
of the drift. Figures 4 and 5 show the paths of the Pioneer spacecraft 
and the five innermost moons in such a system. Magnetic field drift 
will still occur, and particles of different signs will go in the 
directions shown. Although the moons have prograde orbits as seen from 
Earth, they move in the retrograde sense in this coordinate system. 

In this figure one can visualize the periodic motion of the moons through 
the trapped radiation, and determine the longitudinal relationship 
between moon and spacecraft when the spacecraft crossed a moon's L shell. 

The dipole magnetic field representations shown here are quantitatively 
accurate only inside about 10 R^. However, we have extended the figures 
beyond this limit of validity in order to give a qualitative picture of 
the region farther out. 



INTERPLANETARY ELECTRONS OF JOVIAN ORIGIN 


Perhaps the first novelty with which Jupiter greeted the incoming 
Pioneer spacecraft was bursts of energetic electrons of Jovian origin. 
Figure 6 shows a time profile of Jovian electrons recorded by the 
UCSD Cerenkov detector on Pioneer 10 between April, 1973 and encounter 
with Jupiter in December of that year. Since the counter, which 
responds to particles with velocity greater than 3/4 the speed of light, 
counts both cosmic ray nucleons and relativistic electrons, 
two channels were used to separate components by solving two simul- 
taneous linear equations. The data are one-day averages, and the 
apparent negative counting rates are merely the result of systematic 
and statistical errors in the separation procedure. This profile 
resembles those shown by Chenette et al Cl974] and by Teegarden et al 
Cl974l. Note that electron bursts appear as far away from Jupiter as 
1 AU. Reanalysis of data taken at Earth orbit by earlier 
Imp satellites revealed that Jovian electrons are detectable as far 
away as 4 AU [Teegarden et al, 1974], 

Figure 7 shows a series of bursts recorded by the Cerenkov counter 
just before Pioneer 10 reached the Jovian magnetosphere. The aniso- 
tropy dials show that the flux tends to be higher when the detector 
faces west in solar-ecliptic coordinates. This is the direction in 
which the magnetic field spiral leads away from the sun, and the 
electrons are flowing inward from Jupiter. One of the most significant 
features of these bursts is that peaks tend to reoccur at ten hour 
intervals. Ten hours is the rotation period of Jupiter,' and this 
periodicity is a dramatic signature of the electrons' origin. (More 
precisely the rotation period of Jupiter is 9 hours, 55 minutes, 

29.711 seconds according to the System III (1965.0) convention. In 
our discussions we round it off to ten hours.) 



The mode of escape of these particles and its implications for 
the stability and structure of the Jovian magnetosphere are questions 
open to investigation. So are the characteristics of their radial and 
longitudinal propagation, and particularly how they retain their 
cohesion and periodicity. Studies of their directionality, energy 
spectra, and frequency spectra should shed light on these questions. 

Any new ideas generated by this study on Jovian particle 
propagation in the heliosphere will have a direct effect on the 
models of propagation of solar and galactic cosmic rays. One of 
the advantages of using Jovian electrons as test particles in the 
heliosphere is that Pioneers 10 and 11 have directly sampled the 
regions of their origin (the Jovian magnetosphere) , whereas in the 
case of solar cosmic rays we do not have in situ measurements of 
these particles at their origin, and in the case of galactic 
cosmic rays we have not yet sampled their fluxes in interstellar 


space 



THE CONFIGURATION OF THE MAGNETOSPHERE 


Energetic particles are trapped within the magnetosphere. 

Figure 8 (Pioneer 10) and Figure 9 (Pioneer 11) show the entire 
radiation belts in profile. One easily distinguishes the inner 
magnetosphere, R ^ 20 , and the magnetopause crossings, where 

there are abrupt steps between interplanetary and trapped flux 
levels. There are at least three magnetopause crossings 
on each inbound and outbound pass. The position of 
the magnetopause is evidently variable, moving inward and outward 
rapidly in response to changes in the solar wind. This and other 
evidence have been cited CMihalov et al, 1975; Wolfe et al, 1974] 
to picture the magnetosphere as a blunt, spongy region. 

Large scale fluctuations with a ten hour period dominate the 
trapped electron fluxes outside 20 R . The first explanation of 
this periodicity held that the radiation belts were confined to a 
thin disc near the magnetic equator. The modulation was attributed 
to wobbling of the disc at the planetary rotation rate. CFillius 
and Mcllwain, 1974a; Simpson et al, 1974a; Trainor et al, 1974a; 

Van Allen et al, 1974]. This explanation was compelling until the 
outbound half of the Pioneer 11 encounter. Whereas all previous 
data were acquired in and near the disc at low latitudes, the 
Pioneer 11 outbound leg was at a latitude well outside the disc. 

Thus it was a surprise to see the ten hour periodicity continue as 
before, with intensity peaks higher even than during the inbound leg. 

There is not a consensus of opinion as to why this pass does not 
follow the predictions of the original model. Van Allen et al C 1975] concluded 



that the disc is blunted in the subsolar direction (the outbound 
direction of Pioneer 11). Fillius et al C 1975a] suggested that, 
if local time was not the cause, the latitude profile might be 
bifurcated, with peaks at the equator and at high latitude, too. 

Such a profile is a possible configuration of the analytical model 
magnetosphere since published by Barish and Smith C 1975]] . Simpson 
et al Cl975] argued that, although there may be some modulation 
due to a disc-like structure of the radiation belts, the primary 
cause of the ten-hour periodicity is time-dependent. That is, the 
maxima and minima occur as determined by time, and they appear 
nearly simultaneously throughout the sunward side of the radiation 
belts irregardless of latitude. 

Much attention has been given to the phase of the 
variations. The bottom half of Figure 9 includes tic marks placed 
at the phase expected in the disc model and the time model. The 
reader may see for himself that neither model makes a good fit. 
Qualifications may be added to either model. However, it seems that 
the preliminary appraisal of the data is inconclusive. 

More thorough studies can be expected to shed light on the 
configuration of the magnetosphere. In addition to the phase of the 
particle peaks, the magnetometer data are certainly important. The 
magnetic field is discussed by Smith et al at this symposium C 1976 ] . 
Combined studies of the magnetic field and particle distributions 
are being undertaken. 

Yet more information is contained in the particle angular 
distributions. One significant result is the east-west anisotropy 



of the low energy protons which indicates that these particles 
corotate with the planet. Clrainor et al, 1974a; Van Allen et al, 
1975] . Near the inner magnetosphere both spacecraft encountered 
intense field -aligned fluxes of highly energetic particles. Figure 
10 shows an example that persisted for several hours, although 
evidently of high significance, these events are ambiguous of 
interpretation CFillius and Mcllwain, 1974b], 

Present studies are in an undigested state. This region 
differs from the Earth's radiation belts both in the larger dimensions 
and in the influence of the rapid rotation of the planet. Basic 
theoretical understanding is lacking for such features as the 
effect of a distributed ring current, the possibility of non- 
corotation or slippage of the magnetic field, and particle convection 
and acceleration in the possibly turbulent field. Clarification 
of these features can be expected to improve our understanding of 
such diverse subjects as pulsars and laboratory plasmas as well. 



V. 


INTERACTIONS BETWEEN THE TRAPPED RADIATION BELTS AND JUPITER'S MOONS 


11 


A unique feature at Jupiter is the presence of moons within 
the radiation belts. Besides being useful probes of trapped 
particle behavior, they generate extraordinary particle and electro- 
dynamic effects which give them intrinsic interest. Before the 
Pioneer mission, the Io-controlled decametric emission had already 
broadcast evidence that these moons could have remarkable electro- 
dynamic effects. The recent observation of sodium emission lines 
from a halo surrounding Io, [Brown and Yung, 1976] and the discovery 
by Pioneer 10 of a partial torus of hydrogen emission in Io's orbit, 
[judge et al, 1976] heighten the interest. The energetic particle 
detectors on Pioneer 10 and Pioneer 11 add to the list of moon- 
associated features the absorption of energetic trapped radiation 
and the injection or acceleration of energetic particles. These 
will be the best observations until 1979 when the Mariner spacecraft 
to Jupiter will make a near encounter with Io and take a much closer 
look. 

(a) Absorption of Trapped Radiation 

All particle experiments on Pioneer 10 and 11 observed absorp- 
tion at the three innermost moons, Amalthea, Io and Europa. Figures 
11 and 12 illustrate the absorption features in several channels of 
the UCSD instrument. The flux or counting rate is plotted vs time, 
and the labels indicate the times when the spacecraft crossed the 
particle drift shells occupied by each moon. Absorption at Ganymede 
is hard to be sure of because the spacecrafts' latitude excursions 
caused rapid changes near this L shell, and there seem to be other 
variations which should be accounted for before a definite association 


can be made. 



Mogro-Campero and Fillius C 1975] and Mogro-Campero Cl976] 
constructed a statistical model for the rate of absorption of 
trapped particles at a moon, and then, exploiting this effect as 
a probe of trapped particle dynamics, derived diffusion coefficients 
for the particles' radial motion in the Jovian magnetosphere. 

Ignoring complications from the moons' variations in magnetic 
latitude, it is an easy model to deal with. The key simplification 
is a statistical approximation to the probability of a particle's 
being absorbed by a moon. Noting that diffusive excursions in the 
particles' motion tends to redistribute the particles randomly, they 
assumed that complete randomization is achieved throughout a sweeping 
region of width Al in less time than the recurrence period, P, of the 
moon in a frame of reference rotating at the particles' drift rate. 

If Al is greater than the moon's diameter, d, the probability per 
unit time of a particle's being met by the moon and absorbed is given 
by d/(PAL). Thus the rate of change of the particle density, r , is 
given by 

- -Td/(PAL) (1) 

Particles diffusing inward are absorbed at this rate for as long as 
they remain inside the sweeping region. This time is Al divided by 
the diffusion velocity, Dn, where D is the diffusion coefficient and 
n is the average slope The fraction of particles that diffuse 

through the region without being absorbed is given by integrating 
equation (1) from t = 0 to t ■ AL/(Dn). Note that the arbitrary 



width Al cancels out of the result: 


t/t = exp (-d/PDn) (2) 

o 

With observations of t/t equation (2) can be inverted to solve 

o 

for D: 

D = -d/(pn ^( T /T )) ( 3 > 


The statistical assumption may not be accurate for all types and 
energies of particles. However, the more the particles’ positions are 
randomized, the better the assumption will be. Randomization will be 
enhanced by instabilities in the moons ' wakes such as discussed by 
R. A. Smith Cl976] and by Huba and Wu at this conference. Particles 
with substantial drift rates (E ^ 1 Mev) will approach the moon at 
different longitudes each time around, and this introduces another 
dimension of variability. Because the detectors have wide energy 
ranges, their responses cover a spectrum of different conditions, 
which may be appropriately represented by a statistical ensemble. 

Furthermore, the statistical assumption can be checked for self- 
consistency. We calculate the rms displacement of a set of particles 
in a time P, following the derivation given in Reif C 1965] ; 



Using a moon's period for P, we can obtain from equation (4) 


V < Al^ > , or the width of the region over which the particles ' 
positions are effectively randomized. For most values of D obtained 
by Mbgro-Campero and Fillius, »d, ds required by the 

statistical approach. 

Deterministic models have been used by others to derive values 
for the diffusion coefficient [Simpson et al, 1974b; Thomsen and 
Goertz, 1975]. Their values have not differed substantially from 
the results of the statistical model, but with suitable refinement 
the deterministic approach may offer the ability to look further into 
the interaction between the moons and particles and to account for some 
of the detail in the trapped radiation observations. 



(b) Effect On Angular Distributions 


The angular distribution of the trapped radiation is also 
affected by the moons. As predicted by Mead and Hess C 1973 3 the 
probability of absorption depends upon a particle's equatorial pitch 
angle. This is simply a geometrical effect depending upon whether 
the particle's bounce motion carries it across the moon's orbital 
path. The vertigo diagrams (Figures 4 & 5) demonstrate how the 
moons' magnetic latitude varies with planetary longitude, and 
illustrate the zones where a particle which mirrors close to the 
equator can slip under a moon's orbital path and escape absorption. 

The UCSD Trapped Badiation Detector observed changes in the 
pitch angle distributions which are consistent with this model of 
selective absorption. Traces 2 and 3 in Figure 13 show how the 
pancake shaped angular distribution of 9 Mev electrons sharpens as 
the particles diffuse past Io. Evidently particles with small 
equatorial pitch angles are absorbed preferentially. A more complete 
interpretation of Figure 13 includes pitch angle diffusion to reduce 
the sharpness of the angular distribution inside Io. This inter- 
pretation is discussed at more length by Fillius et al [ 1976 ] . As 
exploited in that paper, the moon serves again as a probe of trapped 
particle behavior. Further insights may be expected from analysis 
of these absorption features. 

(c) Injection of Energetic Radiation 

Besides being a sink of particles, Io is also a source. 

Injection of particles is predicted by a sheath model for Io's 
interaction with the magnetosphere Cshawhan, 1976], During the 



Pioneer 10 flyby local peaks were detected near the magnetic L shell 
of Io. Fillius and Mcllwain C 1974b] suggested that these were 
caused by a local source of particles, and Mcllwain and Fillius 
[l975] demonstrated that the phase space density went through a 
local maximum here, proving the existence of a source. The peaks 
appear in Figure 14 just inside the inner edge of Io's sweeping 
region. They occurred only for channels El, E2, and E3 for 
electron energies E e > 150, 250, and 460 kev. The C and M detectors 
(E e > 6 Mev and 35 Mev) did not record such a feature. 

As shown in Figures 4a and b. Pioneer 10 crossed the L shell 
of Io 2 hours (inbound) and 5 1/2 hours (outbound) after Io had 
passed the same longitude. Thus it was never near the instantaneous 
flux tube occupied by Io. Pioneer 11, on its inbound pass, was 
fortunate to come very close to the Io flux tube (see Figure 5a). 

The exact miss distance depends upon the magnetic field model because 
there was a large latitude difference between spacecraft and satellite, 
and differences in magnetic declination are critical to the connection. 
The miss distance could be quoted as the actual distance from the 
spacecraft to the nearest point on the surface of the flux tube, but 
it is more useful to project the satellite and spacecraft positions 
to the magnetic equator along lines of force and measure the miss 
distance in the equatorial plane. Projected in this manner the miss 
distance from the center of Io was ~ 13,000 km (7 R j q ) in D4 coord- 
inates, and ~ 7000 km (4. Rj q ) in the D2 system (The D2 and D4 magnetic 
models are defined by E. J. Smith et al C 1976 J . ) 

As Pioneer 11 passed the Io flux tube, all channels of detector E 
jumped to the highest counting rates recorded in either flyby. This 



peak can be seen in Figure 12, and in more detail in Figure 15. 

Neither of the higher energy channels recorded such a spike, and so 
the particle energies were below several Mev. Certainly a local 
source is needed to explain such an impulsive event. 

Figure 15 also shows the relative coordinates of the spacecraft 
and Io as projected to the equator using the D2 system. It is similar 
for D4. Pioneer 11 apparently passed to the west of the flux tube, 
and the electron spike ended abruptly just as the spacecraft crossed 
the Io L shell. As corotating magnetospheric plasma goe3 from west 
to east faster than Io's orbital motion, the trajectory is on the 
upstream side of the moon in this projection. The reader should be 
cautious with this statement, because it could look different with a 
more complex magnetic field model. Also Io itself could cause local 
disturbances which perturb the field. However, if the D2 projection 
is correct, particles upstream of Io should cause no more surprise 
than the other phenomena associated with this remarkable satellite. 

One of the virtues of the sheath acceleration model is that it 
makes specific predictions that can be tested. The electron power 
content, energy spectra, angular distributions, and spatial extent 
are all important quantities to be determined. This information will 
be better known after more sophisticated analyses have been performed 
on the data, but, in the preliminary inspection, there are differences 



between predictions and observations. The most significant of these 
are (1) that the pitch angle distribution is peaked perpendicular to 
the field line rather than parallel, (2) that there seem to be 
electrons with energies exceeding the maximum available sheath potential, 
and (3) that the peak found by Pioneer 11 was outside the Io sweeping 
region whereas those found by Pioneer 10 were inside. Although this is 
disappointing, the sheath model does achieve a major success in 
predicting an electron source of about the right energy, and it seems 
more likely that the sheath model needs to be embellished than that it 
should be dropped. 



THE BEHAVIOR OF ELECTRONS IN THE INNER JOVIAN MAGNETOSPHERE 


The inner radiation belts of Jupiter consist of stably trapped 
particles in a dipole-like magnetic field, and the methods of 
radiation belt theory developed for Earth are applicable with minor 
modifications. The Pioneer 10 flyby demonstrated that, as in the 
case of Earth, the inner Jovian radiation belt is populated by 
particles which have diffused inward toward the planet, [Mcllwain 
and Fillius, 1975]. The value of the radial diffusion coefficient 
has been estimated from a study of the absorption of these particles 
by the satellites (Section V). Evidence for pitch angle diffusion has 
been found in the angular distributions and in an analysis of the 
radial profile of the trapped electron density. [Fillius et al, 1976 1 

These effects are easiest to see after the data have been 

converted to density, t, in phase space, which we express in units of 

-3 2 

(ev -s) . We relate T to the radiation intensity by t = 900 j/(pc) 

where pc is the particle momentum times the velocity of light 

expressed jointly in Mev, and j is the flux of particles 
-2 -i -1 -i 

cm s ster Mev . As a consequence of Liouville's Theorem, the 
phase space density should be constant along a dynamical trajectory. 

It follows that in the absence of sources or sinks T should be constant 
everywhere, and it also follows that in time -stationary circumstances a 
local maximum is a sure manifestation of a source. Trajectories that 
intersect an absorbing surface, such as the planet or a moon, become 
vacated forward of the point of intersection. The image of the 
absorber is projected forward as a cluster of vacant trajectories — 
a forbidden cone in velocity space. Although Liouville's Theorem 


assures us chat Che cones always retain their identities, the orbits 
of trapped particles are so complex that forbidden and allowed cones 
become microscopically intermingled in a very complicated way. No 
realizable detector can resolve the individual allowed and forbidden 
cones; all that can be measured is a macroscopic average. A sink, 
local or not, dilutes the volume of phase space that is occupied at 
full density with an inextricable volume that is vacant, and a 
detector senses this dilution as a reduction in the apparent phase 
space density. A theoretical basis for dealing with this mixture has 
been worked out [Birmingham et al, 1967; Birmingham et al, 1974] and 
a diffusion-like equation is obtained for the ensemble -averaged phase 
space density. It is thi3, the macroscopic, or ensemble-averaged 
phase space density, that we refer to in this paper as f. 

Figure 16 shows near-equatorial profiles of t vs L for electrons 
over a range of values of the first adiabatic invariant. These are 
from the Pioneer 10 inbound pass, and the method used to obtain t 
from the data is described in Mcllwain and Fillius [ 1975] - It is 
immediately apparent that the major source is on the left, there is a 
sink on the right, and the net diffusive flow is toward the planet. 

At low energies, a subsidiary maximum occurs just inside the orbit of 
Io at L = 5.9. This corresponds to the peak seen in Figure 14, but 
since it appears in the phase space density, Liouville's Theorem proves 
that it is caused by a local source. 

If Figure 16 is a solution of the radial transport equation, one 
can demonstrate that losses must take place throughout the region 



3 ^ L s 10. Lumping sources and sinks into one term, S, the radial 
equation is 


5 t 

at 


.2 3 ( D \ 

L 3l V ^2 5l ) 


+ S 


(5) 


where D is the radial diffusion coefficient. Inside 10 R^, most 

profiles in Figure 16 can be described by a power law with slope of 

4. Thus we will write as a solution of equation (5), T (L) = t^l IIt 

with n T — 4. Mogro-Campero C 1976 1 has represented the diffusion 

n ^ 

coefficient as a power law in L, D(L) * D^L , with 1^—4. 

Anticipating that it is a sink, we treat the source/sink term as an 

exponential in time, and write S =■ — = — e — ) = - — . 

Finally, assuming that Figure 16 represents a steady state solution, 
3 t 

« 0. Substituting these representations into equation (5) and 
differentiating, we get 


1 

T 


DILI 

,2 


(°D + Uy " 3 > n r 


( 6 ) 


Note that a lack of distributed losses would correspond to T =• 00 , 
and in that case the equation would balance only if n^ + n T - 3 = 0. 
As it stands, the equation will not balance without distributed 
losses, and their lifetime is given by 


T 


1_ L_ 

20 D(L) 


( 7 ) 


At L = 5, T is about a year. 



The identity of the loss mechanism has been discussed by Fillius 
et al [ 1976] and they conclude that the particles are lost from the 
equator by pitch angle diffusion into the planetary loss cone. The 
particle trajectories are thus vacated in the atmosphere, which is 
accessed along the line of force after pitch angle scattering takes 
place at the equator. 



VII. MULTIPLE PEAKS NEAR PIONEER 11 PERIAPSIS 


Data from Pioneer II exhibit multiple peaks in the particle flux 
profiles near the closest approach to the planet. These are shown in 
Figure 17 and their positions are listed in Table III. Note that the 
same features appear in both electron and proton profiles. Two of 
the minima, N1 and N4, are reasonably attributed to sweeping by 
Amalthea. There is some imprecision in matching L values, but this 
is presumably caused by uncertainties in the present magnetic field 
models. The remaining minima (and the maxima which complement them) 
are unexplained. 

The reason for this multiple structure is a mystery, and it is 
one of the new and challenging problems of the Jovian radiation belts. 
Hypotheses that are specific to only one particle species cannot 
account for the fact that protons and electrons both exhibit the same 
features. Thus latitude-dependent synchrotron radiation losses, or 
regions of critical wave-particle interactions, seem to be incomplete 
explanations. A critic may speculate that our proton detector is 
really responding to electrons. He is referred to our earlier paper 
[Fillius and Mcllwain, 1974b] for an account of the particle identi- 
fication and background elimination procedures, but he will probably 
derive greater satisfaction from the fact that the University of 
Chicago fission detector independently recorded similar proton 
features [Simpson et al, 1975]. We regard the experimental evidence 
as convincing. 

It remains, then, to explain the unexpected features with a 
mechanism that operates on both protons and electrons. The simplest 



is absorption by a solid body. Indeed, we have attributed minima 
Nl and N4 to the sweeping effects of Amalthea. If the magnetic 
field is so distorted that the particle drift shells become rippled, 
the spacecraft could have passed through these features again. 
Alternatively, in a distorted field some of the drift shells might 
dip down to the planet's surface and be emptied. Detailed calcula- 
tions of particle drift shells will be necessary to test these 
hypotheses. Furthermore the results of the calculations will only 
be as good as the magnetic field models, and the magnetometer 
experimenters have cautioned us against extrapolating to the planet's 
surface. However, it may still be possible to test these ideas. 

A more radical hypothesis was raised by Acuna and Ness [1976], 
They suggested that, if the drift shells were not sufficiently 
complex, the possibility should be considered of another, hitherto 
undetected, moon inside the orbit of Amalthea. It would not have to 
be a single mass, for a ring of smaller particles could do the job 
as well. Indeed, since minima N2 and N3 are inside the Roche limit, 
a particle ring is more likely. What with the similarities between 
Jupiter and Saturn, there seems to be no a priori reason against a 
dust ring near Jupiter, too. However, there are obvious questions 
which need to be investigated. Why has there been no optical 
detection of such a ring? What would be the gravitational effect 
on the other satellites and on the Pioneer spacecraft? Would one 
expect the Pioneer Meteoroid Detectors to detect the ring when they 
passed near it? This exciting hypothesis has obvious problems, 
and it will take some time to sort out all of the possibilities 


and ramifications. 
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TABLE I 


CHARACTERISTICS OF THE UNIVERSITY OF CALIFORNIA, SAN DIEGO 
PIONEER 10 TRAPPED RADIATION DETECTOR 
AT JUPITER ENCOUNTER, DECEMBER 1973 


Designation 

Channels 

Discrimination 

Levels 


Particle 

Sensitivity 

Geometric 

Factor 

C 

Cl 

31 photoelectrons 

> 

6 Mev electrons 

2 

11.5cm ster 


C2 

65 photoelectrons 

> 

9 Mev electrons 

4. Semester 

Cerenkov Counter 

C3 

135 photoelectrons 

> 

13 Mev electrons 

2 

0.5cm ster 

E 

El 

.089 Mev 

> 

.16 Mev electrons 

-2 2 

1.3 xlO cm ster 


E2 

. 19 Mev 

> 

,255Mev electrons 

-2 2 

1.04x10 cm ster 

Electron Scatter Counter 

E3 

.40 Mev 

> 

.460Mev electrons 

-3 2 

5.7 xlO cm ster 

M 

Ml 

.40 Mev 

> 

35 Mev electrons 

2 

•038cm 

Minimum Ionizing 

M2 

.85 Mev 


background 


Particle Counter 

M3 

1.77 Mev 

> 

80 Mev protons 



22 March 74 


74WF-4-I5 



TABLE II 


PRELIMINARY CHARACTERISTICS OF THE UNIVERSITY OF CALIFORNIA, SAN DIEGO 
PIONEER 11 TRAPPED RADIATION DETECTOR 
AT JUPITER ENCOUNTER, DECEMBER 1974 


Designation 

Channels 

Discrimination 

Levels 

Particle 

Sensitivity 

Geometric 

Factor 

C 

Cl 

31 photoelectrons 

5 Mev electrons 

2 

~ 13. S cm ster 


C2 

65 photoelectrons 

> 8 Mev electrons 

2 

~ 5.9 cm ster 

Cerenkov Counter 

C3 

135 photoelectrons 

^ 12 Mev electrons 

2 

~ 1.0 cm ster 


CDC 

10“ 13 - 10' 5 Amp 

£ 1 Mev electrons 

2 

~ 35 cm ster 

E 

El 

.089 Mev 

> .3.6 Mev electrons 

1.3 x 10 -2 etr 2 ster 


E2 

.19 Mev 

> .255 Mev electrons 

1.04.x 10~ 2 cm 2 ster 

Electron Scatter Counter 

E3 

.40 Mev 

> .460 Mev electrons 

5.7 x 10 3 cm 2 ster 

M 

Ml 

.40 Mev 

> 35 Mev electrons 

.038 cm 2 

Minimum Ionizing 

M2 

.85 Mev 

background 


Particle Counter 

M3 

1.77 Mev 

> 80 Mev protons 


SP Scintillator 

SPDC 

-_j- — — 

10 - 10 ? Amp 

> 150 kev protons 

7.4x10 ~ > amp ev cm sec str(p) 




> 10 kev electrons 

_po —X 2 

7.4x10 -'amp ev cm sec str(e) 

SE Scintillator 

SEDC 

10“ l4 - 10" 5 Amp 

> 150 kev protons 

2. xl0~ 2, *amp ev""^"crr 2 sec str(p) 




> 10 kev electrons 

1.4x10 ^amp ev cm sec str(e) 



TABLE III 


35 




Zenocentric Coordinates for 
Particle Features in Figure 17 


Feature 

in 

Fissure 17 

Time 


Zenocentric Coordinates 


Latitude 

(degrees) 

Longitude III 
(degrees) 

N1 

0455 

1.78 

- 39.5 

312 

XI 

0512 

1.62 

- 24.6 

342 

N2 

0518 

1.60 

- 18.2 

351 

X2 

0538 

1.66 

3.9 

22 

N3 

0546 

1.74 

12.0 

33 

X3 

0553 

1.82 

18.3 

43 

N4 

0611 

2.11 

31.0 

67 
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Fig. 1 Projection of the Pioneer 10 and Pioneer 11 trajectories 
on the equatorial plane of Jupiter. The dates mark the 
first and last magnetopause crossings for each flyby. 








Fig. 2 The orbits of Jupiter’s five innermost moons and the trajec- 
tories of Pioneers 10 and 11 projected on a magnetic meridian 
plane. The outbound leg of the Pioneer 11 flyby was at high 
magnetic latitude, whereas the other three legs were all 
near the magnetic equator. Although the magnetic field is 
not well represented by a dipole beyond 5 to 15 R^, we show 
the projection farther out for illustrative purposes. 
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L IN JUPITER RADII 


Pis. Meridian plane projection in magnetic dipole coordinates. 

The equator lies along the abscissa, and the southern hemi- 
shere is reflected into the upper quadrant. Magnetic lines 
of force are straight vertical lines from the equator to the 
planet's surface, which arches upward from the left side of 
the figure. The ordinate is the value of the scalar magnetic 
field normalized to the value at the equator. (Pioneer 10) 




Fig. 3 b Meridian plane projection in magnetic dipole coordinates. 

The equator lies along the abscissa, and the southern hcmi- 
shere Is reflected into the upper quadrant. Magnetic lines 
force are straight vertical lines from the equator to the 
planet's surface, which arches upward from the left side of 
the figure. The ordinate is the value of the scalar magnetic 
field normalized to the value at the equator. (Pioneer 11 ) 
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Vertigo Diagram for Pioneer 10 Inbound 
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Vertigo Diagram for Pioneer 10 Outbound 


. The spacecraft trajectory and the five aatellte orblta In a coordinate system fixed to Jupiter and rotating 
with the planet at the Syatem III (1957.0) rotation rate. The track of each object la repreaented twice. The 
dashed Unea represent the radial distance from the planet and the solid lines show the L values. Uhere the 
lines coincide an object la on the magnetic equator and where they are farthest apart it la at maximum latitude. 

The L shells traversed by each of the moons are shaded. Plasma and low energy trapped particles corotate with 
Jupiter and so remain fixed In this coordinate system, but high energy particles drift In circles, electrons 
westward and protons eastward. The zero on each moon's track Indicates the position of the moon when the spacecraft 
crossed Its L shell, and the other figures Indicate where the moon was a given number of hours earlier. The large 
amount of Information available in these figures makes them useful, but because it takes some concentration to 
Interpret then, we call these figures vertigo diagrams. 
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Vertigo Diagram for Pioneer 11 Inbound 


Vertigo Diagram for Pioneer 11 Outbound 


The spacecraft trajectory and the five satelite orbits In a coordinate system fixed to Jupiter and rotating 
with the planet at the System III (1957.0) rotation rate. The track of each object Is represented twice. The 
dashed lines represent the radial distance from the planet and the solid lines show the L values. Where the 
lines coincide an object Is on the magnetic equator and where they are farthest apart It is at maximum latitude. 

The L shells traversed by each of the moons are shaded. Plasma and low energy trapped particles corotate with 
Jupiter and so remain fixed In this coordinate system, but high energy particles drift In circles, electrons 
westward and protons eastward. The zero on each moon's track Indicates the position of the moon when the spacecraft 
crossed its L shell, and the other figures Indicate where the moon was a given number of hours earlier. The large 
amount of Information available In these figures makes them useful, but because It takes some concentration to 
Interpret them, we call these figures vertigo diagrams. 
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DAY OF YEAR, 1973 

Pig. g Electrons from the Jovian, magnetosphere found in interplanetary 
space before the Pioneer 10 encounter. The data points are 
one-day averages, and the counting rate from cosmic ray nucleons 
has been subtracted out. The contribution from cosmic ray 
nucleons has been eliminated by a linear subtraction procedure. 
Negative counting rates are caused by the errors and statistical 


uncertainties in this procedure. 
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PERIOD B 

Fig. 7 Bursts of Jovian electrons Chat occurred in interplanetary space 
several days before encounter. No subtraction has been performed 
in this figure to eliminate the nucleonic cosmic ray counting 
rate of about 5 sec**. The cogwheels represent the direction- 
ality of the counting rates in the spacecraft equatorial plane, 
vhich is normal to the spaeecraf t-Earth. vector. On days 310 
and 32S there was a marked flow away from Jupiter. 
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Fig. 3 Jupiter's radiation belts, end to end. It took about three 
weeks for each of the Pioneer spacecraft to fly through this 
enormous region of space. The radiation Intensity In the 
Inner magnetosphere Is four orders of magnitude higher than 
in the surroundings. The outer magnetosphere is character* 
lied by periodic fluctuations at the planetary rotation rate. 
Because of variations in the size of the outer magnetosphere, 
the spacecraft crossed and recrossed the magnetospherlc 
boundary, or magnetopause, several times Inbound and outbound. 
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?1*. 9 <■) Time profile of Jupiter’s radiation belts along the 

Pioneer 11 trajectory. The flux is of electrons of energy 
S > 5 Mev. The labels MPX-1, MPX-2, and MPX-3 mark the 
times when the spacecraft entered or left the magnetosphere. 

(b) Sunning one-hour averages of data, filtered to show the 
ten-hour periodicity more clearly. The middle trace is the 
flux of > 5 Kev electrons, the same as in (a) above. The 
bottom trace is the ratio of two -channels with energy 
thresholds above and below 5 Mev. Higher ratios Indicate 
harder spectra. 
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Fig. ^0 The pitch angle distribution of ~ 1/2 Mev electrons during 
an episode of a field-aligned, or "dumbbell," angular 
distribution. This episode occurred while the inbound 
Pioneer 10 spacecraft was very near the equator at an L 


value of about 22 R T . 
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Fig. 11 Profile of Jupiter's inner radiation belt taken by Pioneer 10. 

Channel C2 counts electrons of energy E > 9 Mev; E3, electrons 
of E > .43 Mev; Ml, electrons of E > 35 Mev; and M3, protons 
of E > 80 Mev. There are clear absorption features at the 
positions of lo and Europa , and a questionable one at Ganymede. 
The dumbbell pitch angle distribution shown in the last figure 
occurred during the subsidiary peak at the left of this figure. 
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Fig. 12 Pioneer 11 profile of Jupiter’s inner radiation belt. The 
uppermost trace shows the combined energy flux for electrons 
and protons above the lower threshold and below an upper limit 
of ~ 0.1 Mev for electrons and several Mev for protons. The 
right-hand scale refers to the uppermost trace only; all other 
profiles should be measured against the left-hand 3cale. 

Pioneer 11 passed the orbit of Amalthea in addition to the other 
satellites, and absorption features were seen for the inner 


moon as veil 
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Fig. 13 Angular distribution data for the UCSD Cerenkov counter on 

Pioneer 10. The top trace is the spin-averaged count rate for 
electrons of E > 9 Mev, and shows the Io absorption features. 
The second trace shows the modulation amplitude at twice the 
spin frequency. In the region of Io the higher amplitude 
indicates a sharper pancake angular distribution, but because 
the detector is in the spacecraft equatorial plane, it samples 
the pitch angle distribution obliquely. The third trace shows 
the index, n, that would result from representing the pitch 
angle distribution near • n /2 In the form sin"®. Again, 
higher values indicate a sharper pancake, and wc sec that the 
pitch angle distribution Is sharper when Pioneer 10 crosses 
Io*s L shell outbound an well. 



Fig. 14 Counting rates in the inner region plotted vs the magnetic parameter, 
L, calculated using magnetic coordinates. Channel El counts 
electrons of energy E > 0.16 Mev; C2 counts electrons of E > 9 Mev; 
and Ml, electrons > 35 Mev. Note that the El and C2 counting rates 
are multiplied by scaling factors in order to share the same vertical 
axis. 

(A) Pioneer 10 inbound 

(B) Pioneer 10 outbound 




Pig. 15 Detail of the Pioneer 11 flyby of the Io flux tube, showing the local 
spike of energetic electrons. The relative magnetic coordinates of 
Io and Pioneer 11 were calculated using the D 2 field model. The 
relationship looks the same for , but it might be different in a 


higher order model. 
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Abstract . Analysis of data from the Pioneer 
10 flyby discloses that pitch angle scattering 
plays an important part in determining the dis- 
tribution of energetic electrons in the inner 
magnetosphere of Jupiter. Angular distributions 
measured by the UCSD Cerenkov detector reveal 
that redistribution takes place in pitch angle. 
Additionally, the radial profile of phase space 
density along the equator demands simultaneous 
particle losses. The loss rates are too high to 
be accounted for by synchrotron radiation loss, 
but are reasonably attributed to pitch angle 
scattering into the planetary loss cone. 

Introduction 

Pitch angle scattering plays an essential role 
in determining the shape of the earth's crapped 
electron belts ( Lyons and Thorne . 1973). It has 
been argued on theoretical grounds that the same 
mechanisms should be important at Jupiter 
( Coronlti . 1974). After Pioneer 10 discovered 
that significant numbers of trapped electrons 
were lost between 5 and 3 Jovian radii ( Fillius 
and Mcllwain . 1974), Mcllwain and Fillius (1975) 
suggested pitch angle scattering as one of sev- 
eral processes Chat might explain the losses. In 
this paper we show angular distribution measure- 
ments which demonstrate pitch angle scattering of 
relativistic electrons, and we further examine 
che phase space density of equatorial electrons 
to obtain a quantitative estimate of the loss 
race. We demonstrate that syjjphrocron energy 
loss is not a large factor for L > 3, and chat 
pitch angle scattering can cause the required 
losses. Van Allen et. al, (1975) and Baker and 
Van Allen (1976) have also proposed chat pitch 
angle scattering takes place in the same region, 
basing their arguments on the shape of the angu- 
lar distributions and energy spectra. The evi- 
dence we cite in this paper comes from Che phase 
space densities and the radial dependence of the 
angular distributions. 

Evidence for Pitch Angle Scattering 

in Che Angular Distribution Measurements 

Independent of particle losses, the angular 
distributions measured by che UCSD instrument on 
Pioneer 10 require pitch angle scattering for 
their interpretation. To analyze our directional 
data we expand it in a partial Fourier series. 

C(or (9)) - / (9) - C + C, SH (9 - 9.) 

° 1 1 (1) 
+ C 2 sin 2(8 - 0 2 ) + C 4 Sn 4(9 - 9 4 ) 
Copyright 1976 by the American Geophysical Union. 


where or is the angle between the detector look 
axis and the magnetic field. 9 is measured in 
Che spacecraft equatorial plane to the detector 
look axis from the projection of che magnetic 
field vector. C is che observed count race. It 
is obtained as a function of che spacecraft spin 
angle, 8, buc it can be expressed as a function 
of the pitch angle, a, by using che magnetic 
field measurements ( Smith , private communication) 
to give or(8). 

For the period of interest che dominant modu- 
JOVICENTRIC DISTANCE 


II 9 7 5 3 3 5 ’ 9 



Fig. 1, The top trace shows the spin-aver- 
aged count race for electrons of’E > 9 Mev. 
The second trace shows the amplitude of the 
spin modulation at twice the spin frequency 
in che spacecraft equatorial plane. The 
third trace shows the normalized second de- 
rivative of the pitch angle distribution, 
evaluated at Of * tt/ 2. The range of particle 
pitch angles sampled in the spacecraft equa- 
torial plane is shown in the bottom trace. 
The labels A, B, and C point to che times of 
the angular distributions shown in Fig. 2. 
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lacion was ac twice the spacecraft spin frequency 
as represented by the first harmonic coefficient, 
C2. The fundamental, C^, and third harmonic, C4, 
were less than 17. of C 0 . After it was determined 
that the second harmonic coefficient, C3, was 
consistently smaller than the error in its deter* 
mination, the second harmonic term was removed 
from the series. Figure 1 shows the results of 
this analysis for channel two of a Cerenkov de- 
tector, counting electrons of energy E > 9 Mev. 
The first trace is shown for reference to the 
Io absorption features. The second and third 
traces are measures of the sharpness of the pan- 
cake pitch angle distribution, first as sectioned 
obliquely by the spacecraft equatorial plane, and 
then as projected to a pitch angle section. The 
pitch angle measure is based on the fact that, 
for a pitch angle distribution of the form 


C(ar) 


C sin or, n 
n 


1 d^C 
C d* 2 


TT/2 


( 2 ) 


This method of estimating n was chosen because it 
gives an estimate even when a limited range of or 
is sampled. The variation of this range is 
shown in the bottom trace. Note that the modula- 
tion in the spacecraft equatorial plane is biased 
by the range of pitch angles sampled, but that 
this bias is removed by the projection to a pitch 
angle section. 

The parameters C2/C0 and n were chosen to in- 
dicate the sharpness of the distributions and to 
give a continuous profile throughout the near 
encounter. They can be compared with Che com- 
plete angular distributions at times A, S, and C 
shown in Figure 2. The counting rate, C, is a 
convolution of the detector's angular response- 
with the particles' angular dependence. There- 
fore, the particle angular distributions may be 
steeper Chan the representations we show. 

To interpret these data we recall some previ- 
ously known effects. The pitch angle distribu- 
tion of particles diffusing Inward under conser- 
vation of Che first two adiabatic invariants will 
tend to become sharper if nothing acts to disturb 


it ( Kaufmann . 1965). This happens because con- 
servation of the second adiabacic invariant grad- 
ually draws Inwardly diffusing particles toward 
the equator. In addition, Mead and Hess (1973) 
pointed out that absorption by a moon should op- 
erate with reduced effectiveness for particles 
that mirrored at magnetic latitudes lower than 
the moon's orbit. Thus, since the inbound cross- 
ing of the Io L shell was at low latitude, one 
expected to see, superimposed on the continuous 
change, a sudden step toward sharper angular dis- 
tributions as the moon missed some particles with 
high equatorial pitch angles. Outbound, Pioneer 
10 crossed the Io L shell at a higher magnetic 
latitude than the moon reaches, and here absorp- 
tion should be at full efficiency, with no pref- 
erence for one pitch angle over another. 

These predictions are partially borne out in 
Figure 1. As we approach the orbit of Io Inbound 
the pitch angle distribution steepens gradually, 
and it sharpens abruptly just where absorption 
appears in the spin-average profile. However, 
something unexpected happens inside Io. Instead 
of gradually becoming sharper still, the distri- 
bution relaxes to a less-peaked form. As there 
is conclusive evidence that the particles propa- 
gate inward, we conclude that pitch angle scat- 
tering redistributes them, with small angles 
gaining particles at the expense of large. Out- 
bound, the absorption dip in C 0 is deeper than 
inbound, indicating increased absorption as ex- 
pected, but there is another sharpening of the 
pitch angle distribution at Io's orbit. It looks 
as if absorption depends on pitch angle at high 
latitudes too, but this conclusion is not neces- 
sary in the presence of pitch angle diffusion. 

Our interpretation is that lunar sweeping created 
a pancake of electrons mirroring near the equator, 
and electrons from this source are scattering to 
the lower equatorial pitch angles that cross the 
latitude of the spacecraft. It is consistent 
with this interpretation that the pitch angle 
distribution at Io's orbit is sharper inbound 
than outbound. 
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Fig. 2. Angular distribu- 
tions in the spacecraft 
equatorial plane, normal- 
ized to the average count 
race. The points are the 
actual data, and the lines 
are the fits from equation 
1. Times A, 3, and C are 
Indicated in Fig. 1. 


Evidence for Pitch Angle Scattering 
in the Phase Space Density Losses 

As stated in Che introduction, some accounting 
has Co be made for the losses deduced from the 
radial intensity profile. Steady state condi- 
tions for electrons mirroring at the equator of 
Jupiter's radiation belts imply a balance between 
radial diffusion, acting as a source, and what- 
ever losses occur locally, tfe consider synchro- 
tron energy loss and pitch angle scattering. 

Thus 

1 dr _ 1 ( 3r ^ 1 / 3t ' 

r dc ” T V dt /DIF + T \ 3t /SYN . 

(4a) 

. 1 ( Sr N, _ . 

+ T V dt JSCA ° 


In this equation t is the density in six-dimen- 
sional phase space d 2 x dp, and it is related 
to the differential intensity, j, in particles 
cm*^s'^sr"lMev“l , by j * p^T. The diffusion 
source ( Schulz and Lanzerotti . 1974; Birmingham 
et. al. . 1974) is given by 
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l / 3 t \ l 2 3_ / d_ .^1 

r \ 3t /DIF T 3L \ l 2 3l 


(4b) 


where D is the diffusion coefficient. The syn- 
chrotron tern ( Birmingham et. al. . 1974; 
Coroniti . 1974) is 


1 / ar N 
r V 3t /sYN 




; 


(4c) 


where i is the rate of change of the particles' 
first adiabatic invariant due to synchrotron rad- 
iation. Without knowing the wave intensity and 
plasma density, we cannot predict the strength of 
the pitch angle scattering term. However, the 
loss rate has an upper bound that occurs when 
particles diffuse across the atmospheric loss 
cone in times much less than their bounce period. 
This bound is called the strong pitch angle dif- 
fusion limit, and it is given by Lyons (1973) 
and Schulz (1974): 


1 ( 3T > . V LC 

T V 3t /SCA < 1.82 L Rj ( d) 

where v is the particles' velocity, and o is 
the equatorial pitch angle that defines the 
atmospheric loss cone. If there is asymmetry be- 
tween the northern and southern hemispheres, this 
formula may require some modification, but we 
will see that the required loss rate is so far 
below this limit that we may ignore this refine- 
ment. 

The diffusion term can be evaluated experi- 
mentally using the phase space densities obtained 
by Mcllwain and Fillius (1975) and the diffusion 
coefficient profiles of Mogro-Campero (1975). 
Figure 4 of Mcllwain and Fillius shows the phase 
space density vs L in log-log coordinates, and it 
can be seen that a power law is a good approxi- 
mation to the L dependence between L « 3 and 
L ■ 10. Furthermore, the slope is nearly the 
same for different values of the first Invariant, 
Ij., implying that the phase space density can be 
approximated as a separable function of 1^ and L: 

(I t ) L° T (5) 


In fact a simple mathematical model, called MF5, 
was given in that paper to describe the differ- 
ential intensity as a function of momentum and 
position for 3 < L < 5. If one converts the in- 
dependent variable from p to 1^ and considers 
only particles mirroring at the equator, MF 5 
gives 


1 x 10 8 L 4 


I x (1 + .02 


(ev s) 


-3 


( 6 ) 


with Ii expressed in Mev per gauss. Thus, MF5 
conforms to equation (5) with ny « 4. An L 4 de- 
pendence for t has also been obtained by Baker 
and Van Allen (1976) from an independent analysis 
of data from the University of Iowa experiment on 
Pioneer 10. 

Diffusion coefficients were estimated by 
Mogro-Campero (1975) at the orbits of Amalthea, Io, 
and Europa (L » 2.5, 5.9, and 9.4). Assembling 
values from the available data at these three lo- 


cations, he found that the spatial dependence 
could be represented by a power law: 

D (L) " D Io ( 5^9 ) % (7) 

Although there is considerable scatter in the 
values of D, (1.5 x 10”8s*^-< D_ q < 3 . 1 x 10“^s"^) 
and somewhat less in n D (3.6< 4.0), the con- 

clusions of our present paper can tolerate this 
much uncertainty and more. 

Substituting (5) and (7) In (4b) gives 


I ( * ) 

T V dt /DIF 


- 3 


) mi 

J L 2 


( 8 ) 


The crucial point i3 that n T + n_ - 3 is sub- 
stantially positive, and no stretching of experi- 
mental errors will make it vanish. Because this 
coefficient is positive, more particles diffuse 
into an incremental element, AL, than diffuse 
out; i.e., radial diffusion is a local source. 

We now examine the other terms of the transport 
equation (equation 4) to see how to make it 
balance. 

The synchrotron energy loss rate for gyrating 
electrons is derived in many textbooks (e.g. 
Panofskv and Phillips . 1955; Jackson . 1962). The 
following formulas are convenient for electrons 
on the equator of Jupiter's dipole field. 


1 dY 
Y dt 



(9) 



y 


where y is the ratio of the electron's total 
energy to its rest mass energy; 1^ is the elec- 
tron's first adiabatic invariant in units of 
Mev/gauss; Ty » 3.24 x 10^ sec ®= 1 year. Using 
equation 10 for Ii and equation 6 for t, we can 
evaluate the synchrotron term (4c) in the trans- 
port equation between 3 and 5 Kj. It is a sink 
as expected for high energy electrons, but the 
energy spectrum becomes nearly flat at lower 
energies, and as electrons radiate less at these 
energies, there is a critical Ij, 613 Mev/gau3S,^ 
below which synchrotron radiation acts as a 
source of particles into a differential band of 
Ii rather than a sink. 

The result is shown graphically in Figure 3. 
Other terms shown here are diffusion (equation 8) 
and the upper bound for pitch angle scattering 
(equation 4d) . Synchrotron radiation does not 
have the right spatial and spectral profile, nor 
Is it of sufficient magnitude to balance the 
radial diffusion source. Evidently it will be 
Important below L ■ 3, however, and large loss 
rates for high energy particles can be expected 
to affect inward extrapolations of the model MF5. 
By contrast, pitch angle scattering has ample 
potential to compensate the radial diffusion 
source. We infer chat it is Che sink needed to 
balance the transport equation. 

To estimate this loss rate, we neglect syn- 
chrotron radiation and equate the pitch angle 
scattering loss to the radial diffusion source. 
Inasmuch as the phase space density .is a sep- 
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Fig. 3. Evaluation of the terms l/T(3r/3t) in 
the electron transport equation. The radial 
diffusion term falls within the trapezoidal 
block, and in spice of experimental uncertain- 
ties, it is definitely a source. The synchro- 
tron term is shown as a heavy black line when 
it is negative (a particle sink) and as a dot- 
ted line when it is positive (a particle 
source) . The labels indicate that it is nega- 
tive for Ii > 613 Mev/gauss and positive for 
II < 613 Mev/gauss. Pitch angle scattering is 
Che only sink large enough Co balance the rad- 
ial diffusion source. The values shown are 
the upper bound for strong pitch angle diffus- 
ion, and far exceed the actual races suggested 
in this paper. The numbers on the lines are 
equal to logig Ij expressed in Mev/gauss. For 
additional reference, the dashed lines show 
values from equation 10 for 1/1], (dlj/dt) for 
individual electrons due to synchrotron radia- 
tion. Also shown for each of the five inner- 
most moons of Jupiter is its sweeping race, 
given as the reciprocal of the moon's period 
in' a reference frame corocating with Jupiter's 
magnetosphere. 

arable function of 1^ and L (equation 5), one 
can then deduce chat che loss rate Is indepen- 
dent of and varies spatially as L 2 . It is 
orders of magnitude smaller than the strong dif- 
fusion limit. 

It is interesting to note that if pitch angle 
scattering were at Che strong diffusion limit 
near one of Jupiter's moons Amalthea, Io, or 
Europe, Che pitch angle scattering lifetimes 
would be smaller than the moon's period. If this 
were the case, lunar sweeping would cause rela- 
tively small losses, and the lunar absorption 
features reported by all the particle experi- 
menters on Pioneer 10 and 11 would not have been 
visible. 


Pitch Angle Scattering 


Conclusion 

We have shown how pitch angle scattering af- 
fects che angular distributions observed for 
electrons in the inner magnecosphere of Jupiter, 
and how a local loss mechanism, inferred to be 
pitch angle scattering, causes large losses in 
the equatorial particle fluxes as they diffuse 
inward. We conclude that any treatment of the 
distribution and physical processes affecting 
electrons in the inner radiation belt of Jupiter 
must take the pitch angle scattering process 
into account. 
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INTERPLANETARY ELECTRONS: 

WHAT IS THE STRENGTH OF THE JUPITER SOURCE? 


Walker Fillius, Wing-Huen Ip, and Paul Knickerbocker 

University of California, San Diego 
La Jolla, California USA 

Abstract 

Because there is not enough enformation to support a rigorous answer, we 
use a phenomenological approach and conservative assumptions to address the 
source strength of. Jupiter for interplanetary electrons. We estimate that 
Jupiter emits ~ 10^ - 10^ electrons s* 1 of energy > 6 Mev, which source may 
be compared with the population of ~ 3 X 10^8 electrons of the same energy in 
Jupiter's outer magnetosphere. We conclude that Jupiter accelerates particles 
at a rate exceeding that of ordinary trapped particle dynamical processes. 

Introduction . 

Almost all non-solar electrons of energy < 20 Mev found in interplane- 
tary space are produced in the magnetosphere of Jupiter. This source was 
unsuspected until, as the Pioneer 10 spacecraft approached Jupiter, the 
electron fluxes increased drastically within 1 AU of the planet. (Chenette 
et al, 1974; Teegarden et al, 1974). It was then discovered that electron 
increases previously observed ih the orbit of earth were tied to the relative 
positions of earth and Jupiter, and that these electrons originated at 
Jupiter, too (Teegarden et al, 1974; Krimigis et al, 1975; L'Heureux and 
Meyer, 1976; Mewaldt et al, 1976). The interplanetary propagation of these 
particles has been the subject of many papers and much lively debate (Cold et 
al, 1976; Gold and Roelof, 1976; Jokipii, 1976; Smith et al, 1976; Chenette 
et al, 1977; Conlon, 1977; Conlon and Simpson, 1977). Additionally, various 
authors have tried to deduce the existence and length of a Jovian magnetotail 
from observations of these particles (Krimigis et al, 1975; Mewaldt et al, 
1976; Pesses and Goertz, 1976), but there is disagreement over this interpre- 
tation of the data (Pyle and Simpson, 1977). In this paper we address the 
question of how many energetic electrons per unit time Jupiter supplies to 
interplanetary space and we consider the significance of this number relative 
to the magnetos pheric source region and the particle acceleration mechanism. 

Instrumentation . 

We will use data from the Cerenkov counter in the UCSD Trapped Radiation 
Detector package on Pioneers 10 and 11. This sensor counts electrons of 
energy > 6 Mev and nucleons of energy > 480 Mev/nucleon. (Fillius and 
Mcllwain, 1974b; Axford et al, 1976) During the planetary encounter, its re- 
sponse is overwhelmingly dominated by trapped electrons, but in interplane- 
tary space a special procedure is needed to distinguish between cosmic ray 
nucleons and electrons. This procedure makes use of the pulse height spec- 
trum (3 integral channels are available) and takes advantage of the 
difference in the pulse height spectra of nucleons and electrons. Let N. 
and E. be the counting races in channel i caused by nucleons and electrons, 
respectively, so that 


S i " N i + E i 


(i = 1,3) 


( 1 ) 
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where S. is the total counting rate. Define a.. = N./ N. and 0.. = E./ E.. 
i ^ j i j 

Far from Jupiter E. « N., and we can determine a. . from Qt. . S’. / S.. 

13- 3-J ij 1 J 

Close to Jupiter, fluctuations in the electron flux are much greater than 
fluctuations in the nucleon flux, and 0_ can be determined by a linear re- 
gression between S. and S.; 0.. « d S ,/d S.. After the or's and 0's have 

s i J t J i J 

been determined, the electron (or nucleon) counting rate in a given channel 

can be evaluated by solving two of the simultaneous equations (1). Define 

E^ as the electron counting rate in channel i evaluated by solving equations 

i and j . One gets 


E. . * (s. - a. . S.) (l - cr. . /&. .) 
ij i ij y j \ ij/ lJ- 


( 2 ) 


There are three ways to evaluate the electron counting rate of a particular 

channel: E.., E., , and B.. E.' . Because of statistical fluctuations and 
’ ij’ ik’ ij jk 

imperfections in the procedure, the results differ slightly. As these errors 
are reduced by averaging the three results , the data shown in this paper are 
the average of three solutions for channel 1. 

Interplanetary Electron Fluxes . 


Figure 1 shows the interplanetary electron fluxes obtained by using this 
procedure. Each data point is averaged over a ten hour interval. The periods 
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used co determine Che Qf's and the 3's are marked by horizontal bars. The. nuc- 
leonic background typically corresponds to ~ 5 cm“2s - l, and the apparently 
negative electron fluxes are due to the limits of resolution of the subtrac- 
tion procedure and statistical fluctuations. The data record starts at launch 
and continues through encounter with gaps for several solar particle events 
and the Jovian magnetosphere. Gain changes ( ~ 10%) occurred in the detectors 
at encounter, but these have been compensated for. The planetary encounter 
occurred in December, 1973 and December, 1974 for Pioneer 10 and Pioneer 11 
respectively, and the two smooth reference lines superimposed on the data are 
inversely proportional to the distance between the spacecraft and Jupiter. 

It is clear that the appearance of electrons at the spacecraft is variable and 
impulsive, but the intensities are highest near encounter. 

Figure 2 shows the electron fluxes plotted vs distance to Jupiter on log- 
log coordinates. Some of the impulsiveness has been smoothed out by taking 

running 27-day averages, and the in- 
} bound and outbound passes for both 
spacecraft are plotted together. It 
is clear that a 1/R dependence (where 
R is the distance from the observation 
point to Jupiter) describes each pass 
well. A 1/R-dependence has previously 
been noted for the peak fluxes by 
Chenette et al (1974) for Pioneer 10 
inbound, and by Pyle and Simpson 
(1977). Because of negative excur- 
sions after nucleon subtraction this 
plot cannot be extended beyond ~ 2 AU 
from Jupiter, but as mentioned in the 
introduction, there is plenty of evi- 
dence that the electrons extend as far 
as the earth's orbit. Using simultan- 
eous data from Pioneer 11 and earth- 
bound Imp 7, McDonald and Trainor (1 
« (1976) deduced an intensity gradient 
jof ~ 1507./AU between the two space- 
craft. Being a two-point 
Figure 2 observation, this gradient can as well 

be quoted as a power law, and their 
result is equivalent to a 1/R-dependence also. 

The two dashed lines are the same reference lines seen in Figure 1. The 
data from three of the four passes are intertwined and are equally well rep- 
resented by a single line, while the Pioneer 10 outbound data are clearly 
higher by about a factor or two. Although it is incidental to our argument, 
this difference is certainly attributable to a better connection via the pre- 
dominantly azimuthal interplanetary field lines between the source region and 
the spacecraft on the dawn side of the planet. What is significant to us is 
that there is bad connection on the other three passes, in which the space- 
craft are more or less radially upstream of Jupiter in the solar wind, where 
the electrons must propagate across Che interplanetary field lines. 


RADIAL DISTANCE FROM JUPITER IAUI 
0.05 0J 0.5 10 



The Source Strength . 

It is impossible to get a firm value for the source strength without 
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more data or a full understanding of the propagation characteristics and 
parameters. However, by combining a phenomenological approach with conser- 
vative assumptions, we arrive at a value which suggests a significant 
relationship between the source strength and the population of the outer 
magnetosphere : 

. > population of the outer magnetosphere 
source strength 

rotation period of the planet 

Because of the simplicity of our approach, we believe this relationship will 
stand even after the numbers have been refined or changed using better 
knowledge. 


The simplest approach to the source strength is to estimate the number 
of electrons in interplanetary space and divide by their residence lifetime. 
For the spatial distribution of electrons we choose the 1/R-dependence shown 
in Figure 3 : 


P(R) - J Q 



100R, 



5 ^ J ^ 13 cn ^ 
o 


(3) 


where J is the time-averaged omnidirectional flux. Now these measurements 
were ma2e on the dawn and daylight sides of Jupiter, but not over the poles 
or on the dusk and night sides. However, the noon side should be the most 
difficult for the electrons to get to, and so it is reasonable to suppose that 
the noonside profile is a lower limit. Furthermore, there is only a factor of 
two difference between the relatively accessible and inaccessible profiles 
sampled, and this is a minor factor. Equation (3) is thus a conservative 
estimate based on what information we do have. Integrated over a sphere out 
to the noise threshold of our data at 2 AU from Jupiter, this density profile 
yields an estimate of ~ 10 J particles, and to 5 AU, ~ l(pl particles. 


To proceed to the source strength, we need to divide by the particles 's 
residence lifetime in the integration volume. The impulsiveness of the data 
in Figure 1 gives a hint, but a better measure is provided by a solar event 
where the source is known to be a delta function in time. Electrons gener- 
ated in the August, 1972 solar flares were monitored by Pioneer 10 at 2 AU, 
and they decayed exponentially with a lifetime of ~ 1.5 days. Using this 
lifetime we estimate that the source strength is ~ 10^5 _ 10^6 electrons 
second" l. 


A second approach to the source strength is to imagine a surface enclos- 
ing the Jovian magnetosphere and to estimate the net flow of particles 
outward through that surface. This flow can be expressed by the integral 

^ j . ds dfl = ^ ^ (l + da) = | J q | A (4) 


where 9 is measured from a normal to the surface and § is the anisotropy with 
respect to the surface normal. Only in the Pioneer 10 outbound pass was our 
detector oriented so as to measure % . From a preliminary analysis, the 
average value is about 67. near Jupiter, and it decreases as the spacecraft 
recedes from Jupiter. If we use this value for the average anisotropy, take 
the average omnidirectional flux from equation (3), and integrate over a 
sphere at lOORj, the result is a source strength of ~ 10^ electrons s"^. 
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If electrons are channeled out of the magnetosphere is some preferential 
direction (e.g. from the polar caps, or down the magnetotail), our spacecraft 
has probably missed the main stream. Then our recourse is to take the surface 
of integration out so far that the escape channel looks like a point in the 
center and the electrons are relatively homogeneous over the surface. In so 
doing we note that, because the density and anisotropy both fall off inversely 
with R, particles are conserved only if the surface grows as something like 
the second power of R. Thus an integration over a spherical surface at, say, 

2 AU should yield the same result as above. 


The Population of the Jovian Magnetosphere. 

In the outer magnetosphere of Jupiter 
the population of electrons of energy > 6 Mev 
numbers 3 * 10 2 ^ plus or minus an order of 
magnitude. Figure 3 shows four radial pro- 
files of this region made by the same detec- 
tor used for Figures 1 and 2. Large temporal 
and/or local time differences are apparent 
among the four passes. The number above was 
obtained by integrating the electron density 
represented by the dashed line over the vol- 
ume of a dipole field between 25 and lOORj. 
The volume is probably somewhat less than 
this because the field lines are actually not 
dipolar in this region, but seem to be dis- 
tended centrifugally . However, a generous 
estimate serves our purpose well, and a 
dipolar geometry is probably the best 
approximation near the equator where the flux 
tubes have most of their volume, anyway. 


Discussion. 


10 26 s' 


20 24 - 


We have obtained estimates of 
■1 for the source strength of > 6 Mev 
electrons, and ~ 3 x 10^8 for the population 
of Jupiter’s outer magnetosphere. As the 
rotation period of Jupiter is ~ 10 hours, 
this generation rate matches or exceeds the 
capacity of the outer magnetosphere in less 
than the planetary rotation period. Although 
there are other possibilities, these numbers 
lend credence to the hypothesis of McKibben 
and Simpson (1974) that the outer magneto- 
sphere empties and fills with electrons every 
rotation. We conclude that Jupiter acceler- 
ates particles at a rate exceeding those of 
ordinary trapped particle dynamical processes 

(e.g. inward diffusion by violation of the third adiabatic invariant), and 
remarkable acceleration mechanisms are needed to produce this source rate. 

One possibility, suggested earlier by Fillius and Mcllwain (1974a), is that 
the electric field of up to 360 megavolts associated with Jupiter's rotation 
couples by means of differential rotation and parallel electric fields to the 
charged particle population. 
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Jovian Magnetosphere (Pioneers 10 and 11) 

Walker Fillius and Paul Knickerbocker 
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We have systematized and recorded our study of the phase of the 10-hour modulation of energetic 
electrons seen by Pioneers 10 and 1 1 in the Jovian magnetosphere. To start with, we focus on the peaks 
rather than the valleys of each cycle because the peaks are where physically interesting features occur, 
such as particle acceleration, current sheets, etc. To identify the peaks, we demand that the instantaneous 
intensity be higher than the 5-hour running average and the 5-hour running average be greater than the 
10-hour running average. These criteria select an interval rather than a point and we feel that this inter- 
val is an appropriate estimate of the experimental uncertainty. When the phases of the peaks are plotted 
together, they create patterns which we discuss in terms of disk-like, dock-like, and rotating anomaly 
models of the magnetosphere. Each model fits some of the data, but no model explains all of the data 
convindngly. We conclude that we still do not understand the configuration of the outer Jovian magnet- 
osphere. 


Introduction 

The configuration of the magnetosphere of Jupiter has re- 
ceived attention for over a decade. Before any direct measure- 
ments were made, some of the key dynamical features were 
foreseen by Piddington [1969] and by Brice and his co-workers 
[Brice and loannidis, 1970; Brice and McDonough, 1973]. Fig- 
ure la shows how Piddington visualized the spiraling of the 
magnetic field lines into a wrapped around tail where the 
magnetic flux tubes lag behind the rotation of the planet. 
Some evidence for lag appears in the Pioneer 10 and 1 1 data 
[McKibben and Simpson, 1974; Northrup et al, 1974; Fillius 
and Mcllwain, 1974; Smith et aL, 1974], and Piddington’s 
analogy with the earth’s tail seems to be at least partially 
sound. The Pioneer data provided many clues to the configu- 
ration of this region, but they do not add up to a complete pic- 
ture. One of the outstanding clues is the strong ten-hour perio- 
dicity in the energetic panicle intensities encountered by the 
spacecraft [ McKibben and Simpson, 1974; Van Allen et al, 
19746; Fillius and Mcllwain, 1974; Trainor et al, 1974], 

This periodicity was initially explained as being caused by a 
disk-like concentration of panicles near the tilted magnetic 
equator which approached and receded from the spacecraft as 
the planet rotated every ten hours. (Jupiter’s rotation period is 
9 hours 55 min, 29.71 1 ± 0.04 s ( Seidelmann and Divine, 1977], 
We shall refer to it as 10 hours.) Figure 16 shows how this 
‘magnetodisk’ was pictured by Van Allen et al. [1974a], How- 
ever, the magnetodisk model ran into trouble on the outbound 
leg of Pioneer 1 1, which sampled latitudes higher than the en- 
velope of the previous passes. If the cyclical minima in the 
earlier data were due to the spacecraft latitude’s being above 
the magnetodisk, the Pioneer 1 1 outbound pass should have 
been entirely outside the magnetodisk, and the radiation in- 
tensities should not have risen above the levels of the previous 
minima. The data contradicted this expectation, exhibiting 
the familiar 10-hour cycle with maxima at least as high as on 
the previous passes. Rather than give up on the model. Van 
Allen et al. [1975] concluded that the magnetodisk is much 
thicker in the direction of the Pioneer 1 1 outbound pass, 
where the sun-Jupiter-spacecraft angle was 7°, compared with 
40° for both inbound passes of Pioneers 10 and 1 1. If this lo- 


cal time difference was too small, Fillius et al [1975] and Jones 
[1979] suggested that there might be a minimum B region at 
high latitude producing a secondary trapping region popu- 
lated by particles that never cross the equator. 

An alternative interpretation of the 10-hour periodicity was 
offered by Chenelte et al [1974], (Also see McKibben and 
Simpson [1974].) They suggested that the inner magnetosphere 
is disldike, but outside 40 planetary radii ( Rj ) the particle in- 
tensity is independent of magnetic latitude and longitude but 
is a function only of time. We shall call this the ’magneto- 
clock’ model. The mechanism by which the clock works has 
never been explained, nor is this model so appealing as the 
straightforward magnetodisk model. 

Beginning with the clock idea, the Rice University group 
began work on a theory which has evolved into a separate 
model based on a rotating magnetic anomaly [ Hill et al, 1974; 
Dessler and Hill, 1975; Carbary et al, 1976; Dessler and Vasy- 
liunas, 1979], According to these authors, a weak magnetic 
field region on the planetary surface near System III (1965) 
longitude 205° has profound effects on the flux tube which 
has its foot on the anomaly. This model attempts to account 
for a wide variety of observable phenomena. Presumably the 
modulation of the outer magnetospheric electrons is caused 
by the rotation of this flux tube. Like the University of Chi- 
cago magnetoclock, this model concedes that the inner mag- 
netosphere has a conventional disklike configuration, and like 
the magnetoclock, this model suffers from having no prece- 
dent at Earth to guide its development and give it familiarity. 

Obviously, the phase of the ten-hour modulation carries im- 
portant information, and it has not been ignored [Goertz et 
al., 1976; McKibben and Simpson, 1974; Northrup et al., 1974; 
Fillius and Mcllwain, 1974; Simpson et al., 1975; Fillius et al, 
1975; Simpson and McKibben, 1976; Kivelson et al.. 1978]. Al- 
though the simplest forms of the disk, clock, and rotating 
anomaly models would be easily recognizable, comparison 
with the data has been indecisive. 

The present paper is to present a review of the phase data 
from UCSD detectors on Pioneer 10 and 11. We have at- 
tempted to provide an objective methodology and to invent 
displays that illuminate the systematic, and nonsystematic, 
trends in the data. We find it heuristically useful to discuss 
what evidence there is for and against the several models, but 
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Fig. la. Spiraling of field lines in the Jovian magnetosphere as 
foreseen by Piddington (1969]. Copyright 1974 by the American Asso- 
ciation for the Advancement of Science. 

we do not rule out the possibility of separate models, or of 
compromise. 

Instrumentation 

The UCSD instrumentation is essentially identical on the 
two spacecraft. We concentrate on the Cerenkov detector, 
which measures the fluxes of relativistic particles which can 
penetrate the detector housing and radiator. Three integral 
pulse height channels have thresholds for electrons at about 6, 
9, and 13 MeV and for nucleons at about 500 MeV/nucieon 
(all three channels). In interplanetary space the detector re- 
sponds primarily to cosmic ray nucleons, and inside the mag- 
netosphere, primarily to trapped electrons. For more detail, 
refer to Fillius and Mcllwain [1974], Fillius [1976], and Axford 
et aL [1976]. In this paper we will use only the spin-averaged 
data, consisting of 12-s samples from each channel taken 
every 108 s. 

We will present both an integral electron flux and a spectral 
index. For the electron flux we will use the counting rate of 
channel Cl (6 MeV threshold), and for the spectral index we 
will use the ratio of the counting rates from channels C3 and 
Cl. On all but the Pioneer 10 outbound pass this ratio is 
raised to the fourth power to increase the contrast between 
maxima and minima. There are detector gain changes (— 10%) 
and statistical uncertainties in the cosmic ray background, but 
we leave these factors uncorrected as they do not alter the 
phase. 


Methodology 

As soon as one looks at real data, identifying the phase of 
the 10-hour cycle becomes a problem. In preliminary analysis 
we, and others, plotted the position of the maxima and/or 
minima of the data. This procedure is expedient, but the 
counting rates often have an impulsive, or spiky profile so that 
the maxima or minima are not necessarily centered on the 
ten-hour wave. The work of Kivelson et al. [1978] on the mag- 
netic field data has provoked us to introduce a methodology 
comparable to theirs. For our selection criteria we demand 
that the instantaneous value be higher than the 5-hour run- 
ning average and the 5-hour running average be greater than 
the 10-hour running average. These criteria select an interval 
rather than a point. After many inspections of the data, we 
feel that the width of the interval places an appropriate error 
bar on the phase data. Previous work on the positions of min- 
ima has been criticized on the basis that there may be no im- 
portance to locating the middle of nothing (M. Kivelson, pri- 
vate communication, 1978). By focusing on intensity peaks 
rather than valleys, we intend to locate the sites of physical 
processes such as particle acceleration, current sheets, etc. 

Data Exhibits: Strip Charts 

To display detailed data we have plotted the intensity and 
the spectral index versus longitude (System III (1965)) for a 
large number of planetary rotations during the Pioneer 10 and 
1 1 flyby’s (Figures 2-5). The abscissa on each of these figures 
has a length of only two rotations; the data trace has been cut 
and stacked by shifting vertically through enough decades to 
prevent consecutive traces from crossing. A new trace starts 
every 360°. However, two rotations are shown so that an en- 
tire cycle can be seen without a break at an inconvenient 
point. Thus each rotation appears twice; once from 360 s to 
720°, and again from 0 s to 360°. The longitude is plotted 
from right to left because it is defined such that it increases 
westward from the zero meridian, making it a left-handed sys- 
tem [ Riddle and Warwick, 1976; Seidelmann and Divine, 1977]. 
Therefore the timeline runs from right to left also. The letters 
‘X, R* to the right of the graph beside each trace indicate (X) 
the amount by which the vertical scale is shifted, and (R) the 
radial distance from the spacecraft to Jupiter at the time of the 
zero meridian crossing. For example, in Figure 2, the fifth 
trace from the top of the left-hand strip starts at the right- 
hand edge with an intensity of ft) 22 " 1 *, or 10 J counts/s at a 
radial distance of 46 planetary radii ( Rj ). Except for the cycle 
nearest pcriapsis the local time of the spacecraft changes very 


u 



Fig. 16. Early picture of the outer Jovian magnetosphere drawn by Van Allen et al. [1974a], Copyright 1974 by the 
American Association for the Advancement of Science. 
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Fig. 2. Strip chart showing the electron flux for the Pioneer 10 flyby. The longitude scale is repeated in order to avoid 
inconvenient breaks in the data. See the text for an explanation of the format. 


little during a cycle. Therefore these plots are nearly equiva- 
lent to plots of the data versus time, with the data cut and 
stacked every 10 hours. The darker trace identifies data meet- 
ing the criteria for peaks (see the section on methodology). 

By running one’s eye up and down the strip one can see 
similarities and dissimilarities between different cycles of the 
ten-hour wave. Although the wave is obvious throughout, it is 
not so consistent as to suggest a stable mechanism. Disk, 
clock, anomaly, or something else, the outer magnetosphere is 
apparently a very dynamic region. 

As all investigators have noted, the ten-hour wave is partic- 
ularly prominent on the Pioneer 10 outbound pass. Here the 
minimum frequently falls to cosmic ray levels, with the peaks 
jumping instantaneously one or two orders of magnitude 
above background. These features suggest that the spacecraft 
passes between closed field lines that contain particles and 
open field lines that cannot. Goertz et al. [1976] have shown 
that the magnetometer data for this pass are consistent with a 
nightside magnetic field model which includes just such field 
lines. 

Other features can be picked out that are consistent with 
the models discussed in the introduction. Double-humped 


peaks occur on the Pioneer 10 inbound pass from the magne- 
topause to 63 R y . One can explain these in terms of a magne- 
todisk if one supposes that the spacecraft passed through the 
equatorial plane and briefly emerged in the other hemisphere 
before recrossing the disk. 

Another feature on the Pioneer 10 outbound pass recalls the 
prediction of Piddington for spiraling of the field lines into a 
wrapped-around tail (see introduction). In Figure 2 the max- 
ima move to the left as one scans down the center column. 
This shift corresponds to an increasing phase lag as the space- 
craft moves outward from Jupiter, and so the peaks fall on a 
spiral-like locus. Lest too much be made of this feature, it de- 
serves saying that the Pioneer 10 outbound pass was unique: 
no such evidence appears in the other passes. Apparently the 
crucial difference is in the local time. Pioneer 10 exited from 
the magnetosphere at about 0530 local time, the only pass in 
the predawn sector. Pioneer 10 and 1 1 entered the magnet- 
osphere at about 1000 local time, and Pioneer II exited at 
1200 . 

Evidence is strong that the field is partially wrapped-around 
in the predawn sector. The phase lag in the panicle maxima 
and minima has been remarked upon by all of the-particle ex- 
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Strip chart showing the spectral index for electrons in the Pioneer 10 flyby. The longitude scale is repeated in or- 
der to avoid inconvenient breaks in the data. See the text for an explanation of the format. 


perimenters. Also, an increasing phase lag appears in the 
plasma sheet locations and current sheet crossings determined 
by the magnetic field experiment (E. J. Smith, private commu- 
nication, 1978; Kivelson et at., 1978J. Independently, the mag- 
netic field vector has a radially increasing azimuthal com- 
ponent that causes it to point in the spiral direction [Goertz et 
at., 1976; Smith et at., 1974], 

Data Exhibits: Slash Charts 

To focus on just the phase of the 10-hour modulation, we 
have plotted in Figures 6 and 7 only the times when the data 
meet the peak criteria repeated below. In these figures the 
near-vertical slashes trace the spacecraft longitude (Figure 6) 
and clock phase (Figure 7) versus time. The slashes are drawn 
in only where the instantaneous data are greater than the 5- 
hour running average and the 5-hour running average is 
greater than the ten-hour running average as discussed under 
methodology. These are the same intervals that are darkened 
in Figures 2-5. The stippling indicates times when the space- 
craft are inside the magnetosphere. (The occurrence of mag- 


netopause crossings and the compressibility of the magnet- 
osphere are discussed by Smith et at [1978].) 

For most of Figures 6 and 7 the slashes group together to 
form patterns, and it is the information given by these pat- 
terns that we want to discuss. In Figure 7, for instance, the di- 
agonal pattern of the Pioneer 10 channel Cl peaks corre- 
sponds to an increasing delay which results in a complete 
rollover between days 334 and 345. The spectral index does 
not roll over. These features were also noted by McKibben and 
Simpson [1974], plotting positions of minima. The fact that the 
flux ended up just in the same phase as it started, encouraged 
them to postulate that the outer magnetosphere behaves like a 
clock. If the clock mechanism applied to the entire magnet- 
osphere, the pattern should be horizontal throughout. 

A rotating feature such as a magnetic anomaly, on the other 
hand, would be expected to have a synodic period which var- 
ied with the motion of the observer. As Pioneer 10 entered at 
a sun-Jupiter-spacecraft angle of 35°. passed around the 
planet in a prograde sense, and exited near dawn at a sun-Ju- 
piter-spacecraft angle of 100°, a net lag of 295° or 8 hours 
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would be expected. Pioneer 1 1 entered at the same place as 
Pioneer 10. passed around Jupiter in a retrograde sense, and 
exited at noon; then a net phase advance of 325° or 9 hours 
would follow. The patterns in Figure 7 do correspond to a 
phase lag for Pioneer 10, and suggest an advance for Pioneer 
11. However. Pioneer 11 does not appear to roll over, and 
both these changes are gradual whereas the predicted changes 
would mostly occur in the day or two nearest pcriapsis. 

The slash patterns do not fit the expectations for a magneto- 
disk very convincingly either. In Figure 6 the parabola-like 
reference curves indicate the loci where the spacecraft tracks 
cross a plane through Jupiter oriented perpendicular to the di- 
pole moment. For a simple, unwarped, non-spiraled magneto- 
disk this is the magnetic equator, and the flux maxima would 
be expected to fall on this plane. No locus is shown for the 
Pioneer 1 1 outbound pass because this spacecraft track was at 
medium latitudes and never approached the magnetic equa- 
tor. We pointed out in the Introduction that the presence of 
peaks here requires a departure from a simple disk. 

As shown by the reference curves, the magnetodisk model 
implies a 180° phase difference between hemispheres which 
should be apparent when the spacecraft crosses the Jovigra- 
phic equatorial plane. The equator crossings occur nearly si- 
multaneously with periapsis at day 338.1 for Pioneer 10 and 
337.2 for Pioneer 11. In Figure 6, the patterns in three out of 
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Fig. 4 Strip chart showing the electron flux for the Pioneer 1 1 
flyby. The longitude scale is repeated in order to avoid inconvenient 
breaks in the data. See the text for an explanation of the format. 
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Fig. 5. Strip chart showing the spectral index for electrons in the 
Pioneer 1 1 flyby. The longitude scale is repeated in order to avoid in- 
convenient breaks in the data. See the text for an explanation of the 
format. 

four graphs shear abruptly by 180° at the appropriate time. 
This is clearly evidence for a disklike configuration in the in- 
ner magnetosphere, but the outer magnetosphere is more 
problematical. 

The Pioneer 10 inbound pass contains a particularly in- 
triguing mystery. From day 33 1 through day 334, the particle 
intensity peaks lead the simple magnetodisk in phase. The 
Pioneer 1 1 inbound pass does not relieve this mystery, exhib- 
iting a peculiar and possibly similar phase, too. 

Other phase shifts are visible. We have already mentioned 
the gradually increasing phase lag on the Pioneer 10 out- 
bound pass. This is clearly visible, and appears to have a slope 
of about 36° per day. Since the spacecraft velocity is about 12 
R, per day, the lag then appears to be about 3° per Rj. 
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PIONEER 10 PIONEER II 



Fig. 6. Slash chan showing the longitude dependence of energetic 
electron maxima for Pioneers 10 and 11. The longitude scale is re- 
peated in order to avoid inconvenient breaks in the data. See the text 
for an explanation of the format. 

Another feature that we have already mentioned shows up 
prominently on the slash charts. The double peaks that oc- 
curred on the Pioneer 10 inbound pass form a distinctive cleft 
pattern. Although the slashes are not in the right phase (as 
mentioned above) the separation across the cleft is about the 
same as that between crossings of the magnetic dipole equator 
shown by the reference lines. If the magnetosphere is a disk, 
this agreement indicates that the tilt angle of the disk is about 
the same as that of the dipole. 

Clock or Disc? 

A specific intercomparison of clock versus disk illustrates 
the difficulty of matching any model to the data. In Figures 8 
and 9 we have plotted the positions of minima on a grid of 
clock phase versus longitude. We had to plot points for these 
graphs because the preferred criteria we used previously made 
too many indistinguishable lines falling on top of one another. 
Also we selected minima because there is somewhat less ambi- 
guity in locating them. In this coordinate system a pure mag- 
netoclock should produce points falling in a horizontal band 
across the graph. Similarly, a perfect magnetodisk should pro- 
duce two vertical bands, one inbound and one outbound, sep- 
arated by 180°. Histograms at the top and right-hand edges of 
the graph show the distribution of points projected to each 
axis. The data cannot be said to fall in either vertical bands or 
horizontal, but seem to have chosen a diagonal pattern in- 
stead. 

There is a reason for this. In this coordinate space a station- 
ary point at a given local time produces a diagonal trace as the 
planet rotates under it. Because of the commensurability of 
the clock and disc periods', every subsequent planetary rota- 
tion produces a retracing of the same diagonal. For each local 
time there is a different diagonal, and for each diagonal a cor- 
responding local time. Consider a spacecraft trajectory in 
these coordinates. Far out from the planet, the spacecraft local 
time changes very little during a planetary rotation, and lies 


close to a single asymptotic diagonal. As the spacecraft ap- 
proaches Jupiter, its trajectory still traces diagonals, but these 
creep slightly away from the asymptote. Near periapsis the 
spacecraft swings around the planet, changing local times very 
rapidly. In the plot the trajectory trace peels away from the 
tight cluster of its previous diagonals, and takes a curved path 
across the graph toward its outbound asymptote, which is a 
new diagonal corresponding to its outbound local time. The 
Pioneer trajectories, with periapses at 2.85 and 1.60 R Jt made 
most of their local time change in only one planetary rotation. 
Thus there is the chance for only one point per spacecraft 
away from the clusters of inbound and outbound diagonals. 
The spread of points is further limited by the fact that both 
approach asymptotes were at nearly the same local time. This 
asymptote at 35° before noon, and the outbound asymptotes, 
at noon and 100° before noon, span only 100° out of a pos- 
sible 360°. It would obviously be desirable to sample other lo- 
cal times. As it is, the points are necessarily restricted to a di- 
agonal belt, and the data are too noisy to describe anyting but 
the space sampled. 

We are now in a good position to comment on other mis- 
sions. Any spacecraft on a minimum-energy trajectory from 
earth is going to enter the Jovian magnetosphere at the same 
local time as the two Pioneers. Thus the Voyager and Solar 
Polar missions will all retrace the same diagonal on their ap- 
proach. The Voyager outbound trajectories are on the dawn 
side, closer to midnight than Pioneer 10 outbound, but still 
displaced only about 100° from the inbound direction. Voy- 
ager periapsis is higher than Pioneer’s, and so there will be 
more time on the nondiagonal transfer curve between in- 
bound and outbound asymptotes. However, this takes place in 
the inner magnetosphere where the configuration is known to 
be disklike, and so there is no new phase data here. To form a 
decisive spread of points in these coordinates, one will need 
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Fig. 7. Slash chart showing the clock time dependence of ener- 
getic electron maxima for Pioneers 10 and 11. The clock scale is re- 
peated in order to avoid inconvenient breaks in the data. See the text 
for an explanation of the format. 
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data from the night and dusk quadrants, possibly obtainable 
by Galileo. In the meantime, the problem of the configuration 
of Jupiter’s magnetosphere may be solved by deduction from 
other kinds of data, such as the double-humped peaks dis- 
cussed below (see also Dessler and Vasyliunas, 1979], 

Rotating Anomaly? 

The rotating anomaly model predicts that at any given 
radial distance in the outer magnetosphere the energetic pani- 
cles will always appear near the same longitude. (A. J. Des- 
sler, private communication, 1979). This longitude may in- 
crease with distance if it spirals backward as foreseen by 
Piddington. To test this model we have made slash charts 
with distance as the abscissa instead of time (Figure 10). The 
inbound and outbound passes are readily distinguishable by 
the slant of the slashes. (Because longitude increases with 
time, inbound slashes go from lower right to upper left, and 
outbound slashes from lower left to upper right.) Data are 
shown only for those times when the named spacecraft is in- 
side the magnetosphere. Disklike structure is apparent in the 
inner magnetosphere, where the southern and northern hemi- 
sphere maxima are separated by 180°. However, outside 50 R, 
there appears to be a change. At least for Pioneer 10, the two 
sets of slashes begin to merge, as called for by the anomaly 
model. The situation is unclear for Pioneer 1 1, partly because 
this spacecraft was outside the magnetosphere between 95 and 
65 Rj on its inbound leg. However, the slashes for Pioneer 1 1 
outbound do appear in the same range of longitude as for Pio- 
neer 10. 

We can investigate how these slashes stand with respect to 
the anomalous flux tube. According to Dessler and Vasyliunas 
[1979], the anomaly touches Jupiter’s surface between 170° 
and 235°, and because of spiral lagging, it reaches the magne- 
topause between 220° and 350° System III (1965) longitude. 
Comparison with Figure 10 shows that the energetic electrons 
beyond 50 Rj seem to be found in that region of space com- 
plementary to the anomalous flux tube. 
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Fig. 8. Positions of minima in the energetic electron flux seen by 
Pioneers 10 and 1 1. The coordinates are chosen to emphasize the dif- 
ference between clock and disk models. 
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Fig. 9. Positions of minima in the electron spectral index seen by 
Pioneers 10 and 1 1. The coordinates are chosen to emphasize the dif- 
ference between clock and disk models. 

Whether this result confirms or contradicts the rotating 
anomaly model is unclear. At this point it seems up to the the- 
orists to develop the model so that it accounts for this result. 

Discussion 

Double-Humped Peaks 

Double-humped peaks were apparent in both the strip 
charts and the slash charts (see the data presentation sections). 
If one accepts the explanation in terms of a magnetodisk, one 
can estimate the amplitude of the wobble and the thickness of 
the disk in this region at this time. Assuming that the Jovi- 
magnetic equator performs simple harmonic motion with re- 
spect to the Jovigraphic equator, its displacement above the 
Jovigraphic equator is given by Z m „ cos (y — y 0 ). If the space- 
craft at Z „ , encounters the equator at longitudes y, and y 2 , it 
is easy to calculate the amplitude of the magnetic equator’s 
motion by 

Z m „ =» Z„J cos ((A, - A : )/2] 
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Fig. 10. Slash charyo test the rotating magnetic anomaly model. 
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Fig. 1 1. Slash chans for two different electron energies during the 
Pioneer 10 outbound pass. The abscissa is the radial distance to Jupi- 
ter. The parabola-like curve represents the intersection of the space- 
craft trajectory with the neutral sheet of Kivelson et al. [1978]. 

If the particle intensity falls to half its equatorial value at lon- 
gitude yj, the full width of the disk at half of maximum in- 
tensity is given by 

T “ 2[Z, /C — Z m „ cos (Aj — \o)] (1) 

Five cases on the Pioneer 10 inbound trajectory yield esti- 
mates of 15 R, for the disk thickness. T, and 10.7° for the tilt 
of the magnetic equator. The scatter among these cases is 4 R, 
and 2.3°, respectively, but there are likely to be greater sys- 
tematic errors because the data are not entirely comfortable 
with the model. We note here that the Voyagers will approach 
Jupiter at a lower latitude than the Pioneers. If they encounter 
a disklike magnetosphere, they are likely to see double-hum- 
ped peaks much of the time as the magnetic equator swings 
above and below the spacecraft. The modulation could then 
exhibit more of a 5-hour periodicity than 10. Such behavior 
would, of course, be strong evidence for a magnetodisk. Fur- 
thermore, calculations like those above could provide more 
information about the rigidity and thickness of the disk. 

Panicle Lifetimes 

Implicit to the debate over magnetospheric configuration is 
the question of particle trapping lifetimes. The clock model 
implies that the particle lifetime is less than 10 hours. At the 
most, the rotating magnetic anomaly model implies that the 
lifetime is less than the dispersion in the drift period of the 
particles involved, which might be several times 10 hours. The 
magnetodisk model, on the other hand, is consistent with par- 
ticle lifetimes as long as you like. It is clear that the first two 


models demand a prolific source of energetic panicles, 
whereas the disk model makes no requirement. 

Although the panicle source and acceleration mechanism 
have not been identified, there is evidence that an adequate 
source exists to satisfy even the clock model. We have made 
estimates of the number of energetic electrons Jupiter emits 
into interplanetary space (lO^-lO 2 * s" 1 ) and the number of 
electrons contained in the outer magnetosphere (—3 x 1CF") 
[Fillius et al . 1977]. It is remarkable that these figures encom- 
pass what would be produced if the magnetosphere filled and 
emptied every 10 hours into interplanetary space, as suggested 
by the clock and anomaly models. Although the estimate of 
the source strength does not determine a model for the outer 
magnetosphere, it does relieve doubts about the particle life- 
times and show that this requirement of the clock and anom- 
aly models is probably satisfied. 

Magnitude of the Spiral Angle 
in the Predawn Sector 

The magnitude of the spiral angle in the predawn sector can 
be inferred independently from several different measure- 
ments, and surprisingly, the results are not in very good agree- 
ment. The direction of the magnetic field vector has been 
shown to be well approximated by 

tan -1 (BJBf) = tan' 1 (7 x 10 _J p) (2) 

where p is the radial distance in Rj (see Figure 3 of Goertz et 
al. [1976]). This can be integrated to give the net lag of the 
field line: 

<MP) - <t>o ” / BJp'B „ dp' - 0.40(p - p a ) deg (3) 

*A| 

Jones [1979], modeling Jupiter’s current disk, found that a lin- 
ear fit to the twisting of the disk followed the form 

<Mp) - <f>o ” 0.9 p deg (4) 

The near-equatorial neutral sheet has been studied by Kivel- 
son et al. [1978], who used dips in the magnetic field strength 
to infer the presence of diamagnetic plasma. They obtained 
the following expression for its position: 

tan (latitude) ” —0.19 cos [— </> + 0.85°(p — 14)] (5) 

At any constant latitude the spiral lag of the neutral sheet is 
then described by 

<t>(p) — <#»o =” 0.85(p - 14) deg (6) 

A spiral angle can also be obtained from panicle data. The 
phase lag of 6 Mev electron peaks can be estimated using our 
Figure 6 and the information that the spacecraft moves about 
12 Rj per day. This lag is described by 

<Mp) - <J>o - 3(p - pa) deg (7) 

A similar study on electrons of energy >0.255 Mev (UCSD 
channel E2) produces the result 

<Mp) ~ <f>o = l(p ~ Po) deg (8) 

Note the differences in the lag rates, or slopes, of these for- 
mulas. It is hard to assign error bars, but there seems to be 
real disagreement. Figure 1 1 displays some of these data 
graphically. The parabola-like curve represents the inter- 
section of the spacecraft trajectory with the lagging neutral 
sheet described by (5) [Kivelson et al., 1978]. This lag rate 
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agrees with that deduced by Jones [1979] and with the elec- 
trons of energy >0.255 Mev. However, the channel Cl elec- 
trons (£, > 6 Mev) have a larger lag rate and the vector mag- 
netic field (3) has a smaller lag rate. 

If this difference is real, it demands of the disk model some 
departure from time invariance of axial symmetry. With no 
time variations and an axially symmetric disk, the intensity 
versus time profiles would be symmetrical about the times of 
latitude extrema, where the intensity extrema would occur. 
Since our assumptions apply to all particle energies, all chan- 
nels would have symmetrical peaks at the same place, and no 
energy dependence could be introduced in the lag rate. 

Time variations could explain the energy dependence if, for 
instance, it took more time to boost the 6 Mev electron in- 
tensity than the 0.25 Mev electron intensity. 

Axial symmetry could be broken by letting either the radial 
intensity profiles or the pitch angle distributions vary with 
longitude. An energy-dependent lag rate could be produced if 
this variation were a function of energy. Suppose, for in- 
stance, that the pitch angle distribution at some energy varied 
with longitude so that the magnetodisk became cyclically 
thinner and thicker. Intensity extrema would still occur in the 
same place as before, but the time profiles would be asymmet- 
ric, with maxima skewed toward longitudes where the disk is 
thicker. If this process were energy-dependent, the amount of 
skew could be different at different energies, and the lag rate 
could be energy-dependent. Alternatively, if the radial in- 
tensity profiles were longitude-dependent, different energies 
might peak at different longitudes, and an energy-dependent 
lag rate could result. 

These departures from time invariance or axial symmetry 
might not have to be large. However, time variation is the es- 
sence of the clock model, and axial asymmetry is the essence 
of the rotating anomaly model. Thus if the lag rate really is 
energy dependent, the disk model is forced to concede some- 
thing to one of the other models. 

The difference between the vector field spiral and the posi- 
tions of the plasma and panicle maxima might be caused by a 
kind of lag different from that which has been discussed be- 
fore. It is widely believed that the centrifugal force exerted by 
the plasma upon the magnetic field lines causes them to bend 
so that their direction becomes more nearly perpendicular to 
the spin axis than to the magnetic dipole axis (see Figure 15 of 
Smith et al. [1974]). This bending causes the equatorial point 
on any line of force to occur at a lower latitude than it would 
have otherwise. If the lines of force at one longitude are bent 
more than those at a later longitude, it can be envisioned that 
the later longitude will have the higher equatorial latitude. If 
this longitude-dependent kind of bending occurs, the lines of 
force need not have the same spiral lag rate as the maximum 
latitudinal excursion of the equatorial surface. 

Conclusions 

The central conclusion emerging from this study is that the 
Pioneer data simply do not support a clear cut choice to be 
made between several fundamentally different competing sce- 
narios proposed to account for the 10-hour modulation. 

Each of the models discussed seems to have enough prob- 
lems to make it less than convincing. The critical problems 
with the disk model are the high intensities on the Pioneer 1 1 
outbound pass and the phase lead on the Pioneer 10 inbound 
pass. The critical problems with the clock model are the ambi- 
guity of the data, the unconventional nature of the postulated 


magnetosphere, and the lack of any plausible mechanism to 
run the clock. The principal problems with the rotating anom- 
aly model are the ambiguity of the data, the unconventional 
nature of the postulated magnetosphere, and the underdevel- 
oped state of the theoretical mechanism. 

Better understanding of this problem may come with more 
theoretical development or with more experimental data 
(Voyagers I and II in 1979 and Galileo in 1985). Whatever 
models emerge in the future will clearly have to be reconciled 
to the Pioneer data. Although it would have been more grati- 
fying to demonstrate that the Pioneer data favor one model 
over another, it still seems worthwhile to present the data so 
that they may challenge and guide future work. 
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Trapped Electrons at Jupiter 
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Using Pioneer 10 data, we have constructed differential spectra and phase space densities of trapped 
electrons at Jupiter. These quantities should assist in calculating synchrotron radiation from these par- 
ticles and in evaluating the diffusion mechanisms that accelerate the particles. Absorption by the moons 
lo and Europa is evident, and injection by Io is demonstrated by a density peak in phase space, which 
demands a local source. There is also a rapid decrease in density between the moons, which could call for 
either a local loss mechanism or nonlocal losses fed by diffusion. 


Introduction 

In a previous paper [Fillius and McIlwain, 1974, henceforth 
referred to as FM 1974] we described the University of 
California at San Diego instrument on Pioneer 10 and 
presented preliminary findings. Our most important electron 
measurements were displayed in a graph showing intensities of 
electrons of energy above 0.16, 9, and 35 MeV during the day 
surrounding periapsis. Whereas our sensors respond to par- 
ticles of energy above these thresholds, many studies can best 
be carried out with differential spectra, or better, with the dis- 
tribution function. These studies include computation of the 
synchrotron emission spectrum, the quantitative evaluation of 
particle transport mechanisms, and also the homely business 
of integrating the detector responses over the input spectrum 
to develop self-consistent values for the measured intensities. 

In these studies, merely taking differences between a few in- 
tegral channels will not do; there is a need for continuous 
derivatives. However, differential measurements of the energy 
spectrum are difficult to make and beyond reasonable 
limitations for exploratory spacecraft, so that it will be years 
before direct measurements will be made. Therefore there is 
strong motivation to make the best of what we have now. 

Fits to a Three-Parameter Function 

With the three integral channels already mentioned we can 
obviously fit a three-parameter mathematical function. Not 
just any three-parameter function will do, because we require 
that it must be physically reasonable and not contradict the 
data points. Although it is not necessary, it is satisfying to note 
that the function to be introduced later satisfies a third 
criterion: the same form gives an adequate fit at all positions 
calculated. In using such a procedure we of course make 
assumptions. First, it is implicit that the spectrum must be very 
smooth, containing no sharp features that fall in the gaps 
between our channels. Second, the three data points must give 
adequate definition of the spectrum. 

Choice of a model function was prompted by the observa- 
tion that between 9 and 35 MeV the spectrum is steep 
throughout encounter, but at the lowest energies the spectrum 
becomes flat inside Io. This suggests a threshold energy at 
which the spectrum changes character. These features are 
represented in the following form: 

■/„ = 4t£(1 + pc/Hy (1) 

where 
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y» the omnidirectional intensity per unit energy in units of 
el cm'* s’ 1 MeV' 1 ; 

p the relativistic electron momentum; 
c the velocity of light; 

7 a fitting parameter giving the slope at high energies; 

H a fitting parameter giving the threshold where the spec- 
trum changes character; 

K a fitting parameter giving the intensity; 

£ kinetic energy. 

The independent variable was chosen to be p rather than £ 
because this simplifies usage of the relativistic energy momen- 
tum equation. 

This function was fit to our data at a number of points on 
the inbound pass between L = 25 and L = 3. Table 1 is a list of 
the spacecraft positions and the fitting parameters, and Figure 
I is a graph of differential spectra given by the model. Several 
alternative spectra were computed at L = 3, corresponding to 
different value: of the flux above 0.16 MeV. As explained in 
FM 1974, the': is a large uncertainty in this measurement 
because of the background created by penetrating electrons. 
The fit labeled 3A corresponds to the correction used in the 
reference, but Its 3B and 3C represent possible values that 
result from subtractions of only 6 and 9% more background. 

The data recorded by our instrument can be represented by 
an integral of the input intensity over energy and angle with 
appropriate weighting for the detector response. Formally, 
this leads to a complex integral (equation (A2) of the appen- 
dix) which needs simplification. For FM 1974 we calculated 
the integral for a large number of artificial spectra and angular 
distributions to arrive at an approximation which is easy to use 
and reasonably accurate for most cases. However, some spec- 
tra occurred at Jupiter which are outside the valid range 
of the approximation. For these cases the approximation is in 
error, and as we noted in FM 1974, these spectra require 
special treatment. For the present paper we integrate the 
model spectra over the detector responses (appendix equation 
(A5)) so as to develop self-consistent solutions for the flux and 
energy spectra. 

Figure 2 shows the actual count rates plotted versus L lor 
comparison wi h the count rates computed using equation 
(A5) and the fits. The symbols M 1, C2, and E 1 refer to the data 
channels used, and El — 2.6 * MI is the low-energy channel 
with background subtracted as explained in FM 1974. The 
slight misfit to channel C2 below L = 8 is deliberate. The 
photomultiplier tube in this detector experienced some slight 
( — 1 5%) gain loss caused by radiation damage, and the tits were 
made after correcting the count rates by the rough formula 
1341 
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TABLE 1. Fitting Parameters Used for Model Spectra of the 
Form J 0 dE • 4nK(l ♦ pa/H)^ dE 


L, Rj 

de S 

X, el cm* 2 s * 1 
sr* 1 MeV 1 

H , MeV 

Y 

2S 

11 

4.0 x IO 5 

1.3 

4.39 

20 

21 

6.2 x 10 s 

0.9 

4.30 

IS 

2 

6.0 x 10 6 

2.1 

4.85 

12 

27 

7.6 x 10 7 

1.9 

s.oo 

11 

25 

6.2 x 10 7 

2.7 

5.35 

10 

23 

9.4 x 10 s 

7.8 

6.8 

9 

20 

1.65 x 10 6 

75. 

25.1 

8 

16 

2.20 x 10 6 

60. 

18.7 

7 

11 

1.55 x 10 s 

ISO. 

33. 

6 

6 

9.4 x 10 s 

45. 

9.0 

5.S6 

4 

4.1 x 10 6 

7.0 

3.S8 

s. 

2 

1.26 x 10 s 

IS. 

3.89 

4. 

0 

1.72 x 10 s 

7.4 

2.44 

3.5 

i 

4.7 x 10 s 

2.6 

1.93 

3A* 

4 

1.19 x 10 7 

1.1 

1.74 

3Bt 

4 

1.88 X 10 6 

4.4 

1.89 

3CI 

4 

3.24 x 10 s 

40. 

3.33 


Magnetic coordinates calculated from Di model of Smith at 
at. [1974a]. Differences between the D* model and the newer 
D 2 models of Smith at at, [19743] are not critical in this 
paper. 

*E1 - 2.6 * Ml as used in FM 1974. 

t6% background subtracted (reduces net by factor of 2). 

59% background subtracted (reduces net by factor of 4) . 


R' = R L > 7.9 inbound 

R' = R/[ 0.75 + 0.05(£ - 2.9)] L < 7.9 inbound 

This formula was obtained crudely by matching the inbound 
and outbound passes and by letting the correction be linear 
between L - 7.9 inbound and L = 7.9 outbound. Figure 2 
demonstrates that equation (A5) is satisfied by the spectra and 
illustrates the degree to which the sample of fits in Table 1 
describes the spatial dependence of the electron fluxes. 

Differential Intensities 

Using the fits above, we have computed differential electron 
intensities and plotted them versus L in Figure 3. The dashed 
lines are constant energy profiles at the thresholds of the in- 



Fig. 1. Differential electron spectra computed from the fitting 
parameters in Table I. 


tegral channels from Figure 2. The differential and integral in- 
tensity profiles clearly exhibit the same features. 

For investigations of particle transport it is pertinent to 
study profiles with the first adiabatic invariant A held con- 
stant: 


A - (p 3 sin 1 a)/2m<,B (3) 

where a is the pitch angle. B is the local magnetic field, and m, 
is the electron rest mass. Since all pitch angles are included in 
the omnidirectional flux, there is a range of A values for each 
fit in Table 1. However, we assign to each spectrum only one 
value of A. that of the locally mirroring particles, and we 
represent the directional flux of these particles as JJdr. This 
value is strictly accurate only if the angular distribution is 
isotropic. From the data the angular distribution is nearly 
isotropic, and we introduce a factor of 2 error at the most. 

These profiles are shown by the solid lines in Figure 3. Inten- 
sities can be calculated for a very wide range of A- Energies 
were restricted to 0.16-60 MeV or Vh orders of magnitude, an 
appropriate range for our data; but for relativistic particles, A 
£*, and B varies through almost 3 orders of magnitude. 
Differences in the second adiabatic invariant are ignored 
because the spacecraft was always near the magnetic equator, 
and the intensities did not have a strong latitude dependence in 
this region. 

The differential intensity as a function of energy and posi- 
tion is needed to calculate the synchrotron radiation from the 
trapped electron belt. Equation (1) gives a continuous energy 
dependence, but the coefficients are evaluated only at discrete 
positions. However, by restricting attention to L S 5 one can 
find a consensus spectrum that gives a passable replica of these 
discrete fits. 

Such a model, which we are calling MF5, is given by 
h(E) ^ 5 X 10*1(5/ fl 0 )- IO/t, (l + pcL ln /my 3 (4) 
ME) S A(£)/( 0.054 + 0.27L' 1 + O.IZ.*’) (3) 

M>E) £< ME)50/L 3, \l + pcL 3 ' 1 / 100) (6) 

where 

jx(E) dE dO the differential intensity within dE and <Kl 
perpendicular to the local magnetic field in units of 
el cm" 1 s" 1 sr"‘ MeV' 1 ; 

J,(E)dE the differential omnidirectional intensity within dE 
in units of el cm"* s*‘ MeV*'; 

M>E) the omnidirectional intensity with energies greater 
than E in units of el cm -1 s‘‘; 

B/Bq the local magnetic field divided by the equatorial 
field on that line of force; 

pc the particle momentum multiplied by the velocity of 
light in units of MeV; 

L in units of Rj (71,372 km). 

The angular distribution, and particularly the relationship 
between and -A, is discussed in appendix 2. Equation (6) is 
the integral of (5) in the relativistic limit v * c. Because u/c = 
0.65 for our lowest energy (0.16 MeV), this approximation is 
better than the roughness of the fit. These formulas are not 
supported by data outside the region 

3 ^ L <> 5 IS B/Bq <3 ' 0.16 S £ < 60 (7) 

Inside this region, (5) falls within 30% of the tabulated fits 
above 9 MeV but deviates systematically at lower energies. 
This deviation is in the direction of lower intensities and falls 
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Fig. 2. Comparison between observed count rates and count rates 
computed by integrating the model spectra over the efficiency of each 
channel. 

within the uncertainties in background subtraction discussed 
in FM 1974 and represented by the alternate spectra in Table 1 
at L = 3. For L > 5, data contradict the formulas, and for L < 
3, there are no data to compare with the formulas. In con- 
sideration of their limited domain, (4)— (7) should be treated 
with caution. However, they provide a reasonable representa- 
tion that is continuous in energy, position, and angle, and they 
will be useful for some purposes. 

Phase Space Density 

Considering Liouville's theorem, we can evaluate sources 
and losses in the radiation belts by calculating the phase space 
density. Because [Schulz and Lanzerotti , 1974] 

j = /Ft (8) 

where j is the differential intensity in particles cm' 1 s' 1 sr" 1 
MeV~‘ and r is the density in six-dimensional phase space cPx 
cPp. Using the approximation as before that the angular dis- 
tribution is isotropic, we can obtain from our fits the quantity 
r, which is the phase density of particles with magnetic mo- 
ment /, and 90° pitch angle: 

t = (K/2m*Bl x )[\ + (2mrf?Bli) 1 '*/ H]~ y (9) 

Profiles of f are shown in Figure 4 for constant /,. Except for a 
small spike in the vicinity of lo ( L = 5.6), we see a monotonic 
decrease toward lower L values. This is the expected behavior 
for inward radial diffusion from an external source. The spike 
at L = 5.6 for /, * 10 MeV/G calls for a source at this point. 
This is apparently injection by Jupiter's moon Io, a 
phenomenon predicted by several authors [Goldreich and 
Lynden-Bell, 1969: Shawhan et at., 1973]. 

Sudden losses take place at L = 9.5 and L = 5.6. evidently 
caused by absorption at Europa and Io. However, f decreases 
continuously between moons as well. This decrease could 
result from additional loss mechanisms such as synchrotron 
radiation or pitch angle scattering, or it could come from non- 


local losses fed by diffusion. In case there are no local losses 
the concavity of the r versus L profile demands that the diffu- 
sion coefficient increase toward the planet so as to maintain 
equilibrium of diffusive flow. An inverse radial dependence of 
the diffusion coefficient had not been expected. We will treat 
the diffusion coefficient more thoroughly in a subsequent 
paper. 


Appendix I. Derivation of Particle Flux 
From the Count Rate 

The instantaneous count rate may be described by the 
following integral over energy and angle: 


R(9) = JJ A.t , (£, tj, £)j[E, a(p, f, 9,?)] dE sin rj dp d$ 

(Al) 


where 


R instantaneous count rate; 

9 phase of spacecraft spin motion; 

P, f polar angles measured from detector look axis; 

£ angle between B vector and spacecraft spin vector, 
a particle pitch angle, is equal to a(p, f, 9, £) because the 
aperture has an appreciable solid anglefr,^) and thus 
detector look axis varies with 9 and jj! 


25 20 H it iQ 8 1 6 1 4 3 


10* h 


io' u 


THE DIFFERENTIAL ELECTRON INTENSITY ,i l 

FOR CONSTANT ENER0T 

FOR CONSTANT FIRST INVARIANT 



I.. 

3 '. tm.c 


'O’* 


I0' 1 iQ*' 0" 

9g (GAUSS) ■ «/l ! 


Fig. 3. Differential electron intensities computed from the tits, 
evaluated at constant energy (dashed lines) and at constant first in- 
variant (solid lines). 
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Fig. 4. Phase space density f versus L evaluated at constant lirst 
invariant /,. The symbols E. C. and M indicate where the particle 
energy crosses the threshold of the named detection channel lor each 
/, 


We do not measure the instantaneous count rate, however, 
because our counters accumulate for 1.5 s and then read out. 
With a period of 12.62 s the spacecraft spin phase changes by 
19 = 43° in this interval. Thus our data are described by an in- 
tegral over phase: 


a , a- <!»/•< \ / ' '!•/!> \ -l 

Bid) de l <ie ) 

- IL /. '■ ” 


■ /[£, a(rj, s', 9, $)] BE sin y dij d{ <16 (A2) 


where 0. is the phase where the look direction is perpendicular 
to B. 

Equation (A2) is as unwieldly us it looks. In the lirsl place, 
the unknown j(E. a) is given by an integral equation for which 
there is no straightforward inversion technique. Second, the 
integral involves the additional variables rj. f. which represent 
the appreciable opening of the aperture, and 9. ?. which 
describe the fact that the scan direction is not a direct function 
of it. Published fluxes obtained by detector systems such as this 
all involve approximations used to solve this integral equation. 

The technique used in this paper is to obtain the omnidirec- 
tional intensity 

y„(£) = 2ir j j{ £. u) sin « d-.t (A4) 

from the following approximation to (A2): 

C L = ~ J ,if( £)/,(£) dE (A5) 

where 

i'(£) = I A ,. u (£. I). S’) sin n r/jj </f (A6) 

'i! 

We call g(E) the energy-dependent geometric factor, and we 
can evaluate it from laboratory calibrations. Figure 3 of FM 
1974 displays g(£) for two of our detectors. 

This approximation removes the angle variables, but there 
remains a knotty integral equation in energy. In this puper we 
assume a spectral form (equation (I)) with as many titling 
parameters as independent data channels, and through an 
iterative search we And values of the fitting parameters that 
satisfy the equation. These values are listed in Table I. 

The differences between this technique and that used in FM 
1974 occur in the approximation used for the angular integra- 
tion and in the approach to the energy integral. In quoting our 
results in FM 1974 we fell that the errors introduced by the 
former were smaller than those introduced by the latter. The 
fluxes obtained in this paper should be more accurate because 
of the improved method of handling the energy integral. 

Appendix 2. Relationship Between j. and /„ 

The angular distribution is implicit in (4)-(6). and it was 
handled in the following manner. Because it is often a good ap- 
proximation in the earth's radiation belts, we represented the 
omnidirectional flux along a line of force as a power law in the 
field strength: 

J„ = C(B/B V )-’ ( A7) 

where B/B 9 is the ratio of the local magnetic held to the 
magnetic field at the equator for that line of force. With two 
intersections of each L shell (inbound and outbound) we ob- 
tained empirical values for the exponent as a function of L. It 
is known from theory that a representation of the omnidirec- 

TABU; 2 . Relationship Between j t and Jg 


■(v) 


'0 /./• 


where C is the number of counts accumulated divided by the j { - 

time (1.5 s). We are generally able to fit a Fourier series to the : i.p 

data points to give us a continuous representation of C(9). j 

Thus we can evaluate V_ 
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lional flux all along a line of force implies the complete angular 
distribution and particularly the value j L of locally mirroring 
particles [Rap. I960]. One can write 

ji = p{i/\Jjdir (A8) 

where values for p(i>) can be calculated from Ray's equations 
and are tabulated in Table 2. Using our empirical exponents 
and values for p(i/). we obtained an empirical formula for the 
ratio of ji to J, (equation (5)). 
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ELECTRONS AND PROTONS IN JUPITER’S RADIATION 

BELTS 

A. Mogbo-Campero, R. W. Fillies and C. E. McIlwain 

Department of Physics, University of California, San Diego, La Joila, Calif., USA 


The UCSD experiment on Pioneer 10 measured fluxes of electrons and protons in Jupiter’s 
magnetosphere. We present radial profiles of electrons with energies greater than 0.16, 9 
and 35 MeV and of protons of energy > 80 MeV for the region iJ < 13 Jovian radii. We discuss 
particle absorption by the inner Jovian satellites. It is shown that the particle-satellite collision 
time, the radial diffusion coefficient, and the resulting absorption probability are expected 
to be functions of particle energy and species, in qualitative agreement with our observations. 
We also discuss possible causes for the observed decrease of proton flux at 12 < 3.5 Jovian 
radii. 


1. Introduction 

The existence and some characteristics of trapped relativistic electrons and the 
Jovian magnetic field were deduced from synchrotron models for the decimetric 
radiation observed at the earth [e.g. 1, 2], However, information on the trapped 
protons and non-relativistic electrons has only recently become available as a 
result of direct measurements by experiments on Pioneer 10 (preliminary reports 
of these results were published in the 25 January 1974 issue of Science). 

In December 1973 Pioneer 10 became the first spacecraft to traverse the 
magnetosphere of Jupiter. The University of California at San Diego (UCSD) 
experiment on Pioneer 10 measured protons with energies E v £: 80 MeV and 
electrons with energy thresholds in the range 0.1 g E t S 35 MeV. Some aspects 
of the results of this experiment, including the description and characteristics 
of the instrument have been published [3, 4]. 

The analysis in this paper was performed by using the magnetic field model 
derived from direct measurements on Pioneer 10 [5]. In particular, the values of 
the magnetic shell parameter L (= R cos -2 A), where A is the magnetic latitude 
and R is the jovicentric distance in units of the planetary radius Rj, are a function 
of the magnetic field model. In the present paper we restrict our analysis to the 
region R < loRj, where a dipole representation of the magnetic field is usable [5]. 
Based on particle measurements, the Jovian magnetosphere is also naturally 
divided into two regions with the boundary at R — 20Rj [e.g. 3, 4]. 

In §2. we present radial profiles of electrons with E t > 0.16 MeV, E t > 9 MeV, 
and E t > 35 MeV and of protons with E v > 80 MeV. In §3. we develop the con- 
cepts needed for an analysis of the interaction of the Jovian satellites with the 
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trapped particles, and we show why the published treatments of particle absorption 
by Jupiter’s satellites are inadequate for some of the energies and values of L for 
which we have measurements. We find that there is a considerable variation in 
the drift frequencies for the particles we measure, and we discuss particle absorp- 
tion by the innermost Jovian satellites with an emphasis on the effects due to the 
differences which can be expected as a function of particle energy. We show that 
the qualitative characteristics of the particle-satellite interactions which we 
observe can be understood in terms of these ideas. In § 4 we discuss possible causes 
for the observed decrease of proton flux at L < 3.5. We conclude that loss due to 
pitch angle scattering and absorption by Amalthea are possible explanations, but 
that there is insufficient information in our data to decide between these. 


2. The Data 

The data reduction procedures, including calculations of the geometrical factors 
and background corrections when necessary have been described in [4]. To illu- 
strate the structure in the radial profiles of electrons we have chosen three integral 
flux measurements (E t > 0.16 MeV, E t > 9 MeV, and E t > 35 MeV), as shown 
in Fig. 1. Although the satellites revolve around Jupiter at a fixed jovicentric 
distance, the non-centered and tilted position of the magnetic dipole with respect 
to jovigraphic coordinates results in a spread in the L values traversed by each 

L IN JUPITER RADII 



Fig. 1. Radial profiles of electron fluxes in the inner Jovian magnetosphere. The hours are in 
spacecraft time. The shaded bands indicate times when Pioneer 10 was on L shells traversed by 

Jupiter’s satellites. 
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satellite as shown in the figure. As can be easily seen, some prominent features 
in the radial profile seem to be due to absorption of particles by satellites, but it is 
immediately evident that all energies do not behave in the same manner (e.g., 
at Europa electrons with E t > 0.18 MeV are affected strongly, whereas those 
with E, > 9 MeV seem to pass by with no effect). We discuss why an energy 
dependence would be expected in the next section. 



Fig. 2. The integral flux of protons > 80 MeV as a function of L. 

We also see from Fig. 1 that the energy spectrum flattens toward lower L 
values, since with decreasing L the fluxes of higher energy electrons are rising at 
a faster rate than those of lower energy electrons. The peaks in the lowest energy 
electrons inside of lo on both the inbound and outbound trajectories are suggestive 
of acceleration effects at Io as proposed, for example, in [6]. 

In Fig. 2 we show the proton flux {E t > 80 MeV) as a function of L. The inbound 
pass corresponds to the higher fluxes, and the data gap on the outbound trajectory 
is due to occultation of the spacecraft by Jupiter. These data were stored in the 
spacecraft and transmitted to earth after occultation. Although the reduction 
procedure has not been completed due mainly to timing problems, it is clear from 
the occultation data that a good approximation to the actual profile is a straight 
line connection for the missing portion in the figure. Therefore, it is established 
that the narrow peak observed inbound at L ~ 3.5 occurs also on the outbound 
trajectory, where the reduction in flux can be understood in terms of magnetic 
latitude (i.e. the inbound pass was closer to the magnetic equator). In § 4 we discuss 
possible reasons for this dramatic decrease in proton flux for L < 3.5. 
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3. Particle Absorption by Jupiter’s Satellites 

It appears likely that the radial diffusion of trapped particles in the inner region 
of the Jovian magnetosphere may be driven by electric fields associated with the 
upper atmosphere dynamo which is driven by neutral winds in the ionosphere 
[7, 8]. It seems natural then to consider motion in an inertial reference frame, in 
which steady state winds in the planet’s upper atmosphere produce electric field 
fluctuations at zero frequency [7]. 



Fig. 3. Drift frequencies of protons and electrons of selected energies as a function of L in an 
inertial frame. The ranges of L values traversed by the satellites are indicated at their appro- 
priate rotation frequencies (JV is Amalthea, JI is Io, JII is Europe, and Jill is Ganymede). 
The dashed line corresponds to negative frequencies (i.e. opposite to the direction of planetary 

rotation). 


In this frame, the frequency of rotation around Jupiter of protons and electrons 
of different energies is shown in Fig. 3. This drift frequency is a combination of the 
usual drift frequency produced by the curvature and the gradient of the magnetic 
field and the planetary rotation frequency (assuming co-rotation). We see that 
for both species drift frequencies at a fixed energy are represented by straight 
lines which intersect L = 0 at the planetary rotation frequency, and that larger 
slopes correspond to higher energies. The range of L values traversed by each of 
the innermost four satellites is shown in this figure at the rotation frequency of the 
satellite. The range of L values for each satellite is a measure of the radial extent 
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of its “sweeping region”. For the electrons there is a characteristic energy E t at 
a fixed L value at which the drift frequency / is zero, and at the average L value 
traversed by a satellite there is an energy E , at which the particle drift frequency 
equals the satellite rotation frequency. At the average L values of the satellites 
these electron energies in MeV are ( E , , E,): Amalthea (90, 14.5), Io (39, 30), 
Europa (24, 21), and Ganymede (15, 14). 

Theoretical treatments of Jovian trapped particle diffusion and their inter- 
actions with the satellites [8—10] have been limited to particles whose drift 
frequency equals the planetary rotation frequency, and therefore, as illustrated 
in Fig. 3, they may be inapplicable at the higher energies for which we have 
measurements. As noted in [9], because of the tilt of the magnetic dipole axis 
with respect to the planetary rotation axis, particles with large pitch angles will 
have less probability of being absorbed by the satellites. An examination of pitch 
angle distributions both before and after the traversal by Pioneer 10 of the orbit 
of Io reveals that this effect is occurring, but we postpone a detailed discussion 
of this effect and others related to pitch angle distributions to a future publication. 
We also defer treatment of the effects of radial and latitude excursions of the 
satellites, since the preliminary magnetic field model [5] may soon be improved 
(E. J. Smith, private communication). These latter effects have not been dealt 
with in the theoretical treatments, but have recently been considered in [11]. 

We proceed by exploring the consequences of the frequency distribution illus- 
trated in Fig. 3, realizing that the effects we are omitting and which are mentioned 
above may modify this simplified treatment. 

Two characteristic parameters determine particle absorption by satellites: the 
time T, taken by the particles to traverse the sweeping region of the satellite, and 
the time 3 , l taken by the particles to impact the satellite once they find themselves 
in its sweeping region. The probability of absorption by a satellite is high for 
T, T\, and low for T,. It will be shown that the probability of absorption 
of electrons has two minima. We assume that T\ is inversely proportional to the 
relative drift frequencies between the particles and the satellite. This means that 
for electrons T i will be very large at energies near E„ the energy at which the 
particle drift frequency equals the satellite rotation frequency. For radial motion, 
T , a D~ l , where D is the radial diffusion coefficient, so that the absorption 
probability will have an additional energy dependence if the diffusion coefficient 
is a function of energy, as it is likely to be. 

As an example of the energy dependence of D, we proceed as follows. The 
diffusion coefficient for motion produced by fluctuating electric fields is pro- 
portional to the power spectrum of these fields at the drift frequency [12] ; there- 
fore the diffusion coefficient can be constant only if the fields have a white 
spectrum. A frequency dependence of the power spectrum will result in an energy 
dependence for T,. As an example, we assume a power spectrum which is in- 
versely proportional to the square of the frequency. In this case the diffusion 
coefficient for electrons will have a maximum at E t , the energy at which the drift 
frequency is zero. Other forms of the power spectrum might be preferable, for 
example a maximum might be expected at the planetary rotation frequency. 
However, for simplicity, in this paper we consider only the case described above. 
In Fig. 4 we show T t and T, as a function of energy for electrons at L = 9.5 
(the average location of Europa) with the assumptions stated above. Since the 
time scale is independently arbitrary for T, and T\, we have fixed their relative 
positions so that low energy electrons will suffer some absorption (T, > T,), 
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whereas high energy electrons (3 MeV < E, <. 42 MeV) will not, as is observed 
(Fig. 1). 

Fig. 4 shows that large variations in T { and T, can be expected. Our assumption 
for the frequency dependence of the power spectrum is not critical, since even a 
constant T would lead to a rather broad energy window of easy particle access 
across the satellites, with absorption at the low energies. We find that at Io, a 



Fig. 4. The absorption time T { and the radial diffusion time T, as a function of energy for 
electrons at the average L value traversed by Euro pa. The highest absorption probability 
occurs for T, > T lt at the energies shown at the top of the figure. 

similar analysis results in the energy window for little or no absorption moving 
to higher energies (since both E t and E, are larger than at Europa). Therefore, 
at Io our electron observations shown in Fig. 1 can again be understood quali- 
tatively. Our observations near Amalthea can also be made consistent with these 
ideas by a similar analysis. It seems reasonable that both T\ and T, should be the 
same for protons and electrons in the low energy limit, so that once the positions 
of T, and T { are fixed with respect to each other to satisfy the observations at 
a given electron energy, qualitative predictions can be made for electrons and 
protons of all other energies. 


4. The Maximum in the Radial Profile of Protons 

In Fig. 2 we have seen that the protons with E p > 80 MeV decrease abruptly 
at L < 3.5. In this section we consider possible causes for this decrease. These 
causes have also been recently considered in [11] with respect to their data. 

If the decrease in protons is produced by a loss mechanism, this mechanism will 
become effective for T L < Tj, where T L and T s are the characteristic loss and 
source times. If the source of particles is radial diffusion, we may use Tj ~ Rj z lD. 
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For loss due to pitch angle scattering into the loss cone, T L > 4X 4 J?j/o [13], where a 
is the velocity of the particle. If we use for a the velocity of an 80 MeV proton, 
and L = 3.5, we obtain an upper limit for the diffusion coefficient, D < 2.2 x 10 -3 
f?j 2 (s~ 1 ). This upper limit is ~ 5 orders of magnitude greater than the diffu- 
sion coefficient derived in [8] for this L value. However, we point out that the 
diffusion coefficient derived in [8] to explain the observed Jovian decimetric 
radio emission is only valid for particles with drift periods near the planetary 
rotation frequency ; the drift frequency of 80 MeV protons at L = 3.5 is a factor 
of ~3 greater than the planetary rotation frequency. 

For Jovian trapped protons, plasma turbulent precipitation loss by electro- 
magnetic ion cyclotron waves and by quasi-electrostatic loss-cone waves have 
been considered [13]. The maximum flux of protons we observe (Fig. 2) is well 
below the limiting flux expected as a result of the instabilities considered in [13]. 
This is consistent with the notion that most of the particles being limited are 
below our threshold energy. The electrons are not observed to decrease as the 
protons do (Fig. 2), but this might be due to their lower drift frequencies and 
consequently higher diffusion coefficients (§3), and to the limiting effect of syn- 
chrotron radiation. For the ion cyclotron wave, significant wave growth results 
only if E> E e = ,B*/8jz7i [13], where n is the cold plasma density, so that our 
observations in Fig. 2 imply that E c < 80 MeV. Therefore, at L = 3.5 this means 
n > 4.5 cm -3 . The lower limit of » is more than an order of magnitude higher than 
the plasma density at 1 g L ^ 5 derived for Jupiter in [14], but we note that 
this model does not take into account the plasma contributed by the satellites. 

It may be that absorption by Amalthea is responsible for the drastic reduction 
even though the electrons we observe do not behave similarly. An analysis for 
Amalthea similar to that shown for Europa in Fig. 4, shows that this is possible. 
Since T { is smaller for protons than for electrons at the relevant energies, and T t is 
larger, both of these lead to a higher probability of absorption for protons (see § 3). 

In summary, on the basis of our data, it seems possible in principle that the 
proton decrease at L < 3.5 may be due to a pitch angle scattering loss mechanism. 
If the plasma density is n > 4.5 cnr 3 , the ion cyclotron instability is a possibility. 
Proton absorption at Am althea is also plausible for explaining this phenomenon. 
However, it is clear that many more data are needed to solve this problem ; the 
behavior of the radial profile at L < 3 (Pioneer 11) and proton measurements 
at other energies can be expected to throw more light on this puzzle. 
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ABSORPTION OF RADIATION BELT PARTICLES 
BY THE INNER SATELLITES OF JUPITER 

A. MOGRO-CAMPERO 
University of California, San Diego 


The study of trapped particle absorption by the inner Jovian satellites is reviewed 
from the viewpoint of radiation belt physics. Both pre- and post-Pioneer work is dis- 
cussed but the emphasis is on methods used to deduce radial diffusion coefficients of 
particle transport from particle data. The phenomenon of particle absorption as ob- 
served by experiments on Pioneers 10 and 1 1 is considered: absorption effects are found 
to depend on the satellite, and on particle enerpy and species. Approximate diffusion 
coefficients derived from the data are found to follow a steeper spatial dependence than 
previously expected. The assumptions and limitations of absorption analysis and diffu- 
sion coefficient estimation are pointed out. 


In this paper we discuss the absorption of radiation belt particles by the 
satellites from the standpoint of radiation-belt physics. We are concerned 
with the passive role of satellites as absorbers of trapped radiation and with 
the implications relevant to trapped particle transport throughout the inner 
magnetosphere of J.ipiter. 

Since Pioneer 10 was the first spacecraft which traversed the Jovian mag- 
netosphere, it is convenient to divide the development of the problem into 
pre- and post-Pioneer 10 phases, which we label Phase I and Phase 2. This 
division is obviously chronological, and in the following sense conceptual. 
During Phase 1 the central question can be summarized as: given a dynamic 
situation in which trapped particles undergo radial diffusion, what is the 
effect of satellite absorption on the particle intensity profiles for values of 
the diffusion coefficient assumed or derived independently? In Phase 2 the 
question becomes: given that trapped particle intensity profiles have been 
observed which indicate absorption by the satellites, what values can we 
deduce for the diffusion coefficient of radial transport? 

We review the work done in Phases 1 and 2, and summarize the methods 
and results obtained in Phase 2. Values are then presented for the radial 
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diffusion coefficient as a function of particle energy, drift frequency and L 
(throughout this chapter L is the dimensionless Mcilwain shell parameter). 
These values are derived by using one of the methods presented here and all 
of the Pioneer 10 and 1 1 data. 

The reader who wishes background information on radiation-belt physics 
may consult books by Hess (1968), Roederer( 1970), or more specifically on 
trapped particle diffusion, by Schulz and Lanzerotti (1974). 

I. PHASE 1 

Before spacecraft measurements in the close environment of Venus and 
Mars were performed, it was thought possible that these planets might have 
significant radiation belts. In this context, the absorption effect of a plane- 
tary satellite was considered for the first time. Phobos. which orbits Mars at 
— 3 Martian radii from the center of the planet, was a natural candidate for 
studv. Thus, Singer M962) treated the sweeping effec* of Phobos on the 
Martian radiation belt. He obtained expressions for the particle absorption 
lifetime in the case of a magnetic dipole field displaced by an arbitrary amount 
from the center of the planet in the equatorial plane, and he concluded that 
trapped particle intensity measurements in the region of Phobos could be 
used to deduce the particle injection rate and ultimately the source of the 
trapped radiation. 

About a decade later, in July 1971, a group of scientists and engineers 
met for a Workshop at the Jet Propulsion Laboratory, Pasadena, California, 
in order to review the current state of Jupiter radiation belt knowledge and 
to recommend a best set of models for the determination of spacecraft de- 
sign requirements. Two papers at that meeting (one by Hess and one by 
Mead) dealt with the effects of Jupiter’s satellites on the trapped radiation: 
one of these (Mead 1972) can be found in the Workshop Proceedings. In 
Mead’s paper, characteristic spatial and temporal parameters of trapped 
protons and of the inner satellites were evaluated and discussed with respect 
to particle absorption. The radiation belt models resulting from the Work- 
shop (Divine 1972) did not include the effect of the satellites, since it was 
assumed that the diffusion of protons past the satellites occurs without inter- 
ference. It was realized, however, that alternative models with a strong 
absorption effect by the Jovian satellites were also plausible (Davis 1972). 
A few months later, in an extension of the discussions of the Workshop. 
Jacques and Davis (1972) solved the trapped particle equations of transport 
for diffusion of particles by violation of the third adiabatic invariant, including 
losses due to satellite absorption and synchrotron radiation. They estimated 
values for diffusion coefficients due to (a) deformation of the magnetic field 
by the solar wind (cc L ,w ): (b) randomly fluctuating electric fields (cc L*), and 
(c) interchange of flux tubes by ionospheric winds [cc Lr (L — 1)]. The first 
two are processes thought to be important at Earth, and the third is based on 
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a mechanism suggested at the Workshop by Brice ( 1972). Jacques and Davis 
concluded that only the third mechanism could explain the electrons re- 
quired to produce the observed synchrotron radiation, and that in this case 
the effect of lo would be neither overwhelming nor negligible. 

All studies of particle absorption by the satellites have assumed that 
trapped particles co-rotate with the planet. Mead and Hess (1973) made a 
thorough study of the absorption process for low-energy particles, i.e., those 
for which the drift period is close to the planetary rotation period. They 
pointed out that because of the tilt of the magnetic dipole field with respect to 
the planetary rotation axis, the absorption process would be pitch-angle 
dependent. Assuming violation of the third adiabatic invariant by deformation 
of the magnetic field due to the solar wind (resulting in a diffusion coefficient 
D cc L 10 ), they concluded that the inner satellites would act as a barrier to 
the inward diffusion of particles, in agreement with the conclusion of Jacques 
and Davis (1972) for this type of diffusion coefficient. 

Brice and McDonough (1973) estimated the strength of the diffusion co- 
efficient due to electric field fluctuations produced by neutral winds in the 
ionosphere, following an earlier suggestion by Brice (1972). For slowly drift- 
ing particles, i.e., those whose drift period is close to the planetary rotation 
period, they found that the diffusion coefficient D oc l 3 . For fast drift parti- 
cles, D oc L % and D oc L 3i for nonreiativistic and relativistic particles, re- 
spectively. Their values for D led them to conclude that no serious losses 
would occur due to particle absorption by the Jovian satellites, in agreement 
with the conclusion of Jacques and Davis (1972) for a similar type of dif- 
fusion coefficient. 

Coroniti (1974) also considered radial diffusion driven by fluctuating 
electric fields originating from atmospheric neutral wind turbulence, and 
derived a diffusion coefficient D oc L 3 . He investigated plasma instabilities 
which could limit the intensity of stably trapped electron fluxes and absorp- 
tion of particles by the satellites. His estimate for the value of the diffusion 
coefficient led him to conclude that the satellites would not act as major 
barriers to the passage of inward diffusing particles. 

Hess et al. (1973, 1974) estimated sizable reductions in the trapped parti- 
cle intensities (up to one order of magnitude, depending on equatorial pitch 
angle) near the orbits of Ganymede, Europa and lo due to particle absorp- 
tion by these satellites. They used a diffusion coefficient D = kL n , with the 
values of k and a (1.7 x 10 -9 sec -1 and 2, respectively) deduced by Birming- 
ham et al. (1974) by fitting the observed radial distribution of Jupiter’s deci- 
meter radio emission to a model of trapped electrons. Birmingham et al. 
noted that their diffusion coefficient had roughly the same radial dependence, 
but was considerably smaller in magnitude than the upper limit diffusion co- 
efficients for field-line exchange driven by ionospheric winds suggested by 
Brice and McDonough (1973), and by Jacques and Davis (1972). 

In summary, prior to the first flyby of Jupiter by Pioneer 10, many authors 
had considered the possible effect of absorption of trapped particles by the 
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Jovian satellites. It was generally felt that some of the innerJovian satellites 
would produce observable effects on the trapped particle intensities, and 
that the diffusion coefficient of radial transport was probably of the type D oc 
L". with a =» 2 to 3 for slow-drift particles. 

II. PHASE 2 

All charged particle experimenters on Pioneer 10 reported features in 
the trapped particle intensity profiles which could clearly be attributed to 
satellite absorption (Fillius and Mcllwain 1974a,6; Simpson et al. 1974a,&; 
Trainor et al. 197 4a.b: Van Allen et al. 197 4a.b). Similar results have been 
reported recently for Pioneer 1 1 (Fillius et al. 1975a; 1 Simpson et al. 1 975 1 2 
Trainor et al. !975: ;| Van Allen et al. 1975 4 ). Electron absorption is also 
evident when one considers the particle phase-space densities computed 
from the data (Mcllwain and Fillius 1975; Baker and Van Allen 1975). 
Vesecky (1975) has collected the Pioneer 10 observations relevant to satel- 
lite abso/ption and compared them with theoretical expei tations developed 
in Phase 1. 

Since data are available for both inbound and outbound passes of Pio- 
neers 10 and 1 1, it is possible to investigate whether absorption is a strong 
function oflongitude. In spite of the wide range of longitudes involved (Table 
I). the large-scale features in the particle intensity profiles of a given detector 
which are attributable to satellite absorption are similar in the four Pioneer 
passes with the exception of the MeV protons at Europa as reported by 
Trainor et al. (1975). A possible local rapid diffusion process may be partly 
responsible for the longitudinal uniformity (Huba and Wu 1975). 

A discernible energy and species dependence of particle absorption is 
clearly identifiable in the Pioneer data. For example, in Fig. 1 are shown the 
counting rate profiles of three electron detectors for the inbound and out- 
bound passes of Pioneer 10. The average energies to which these detectors 
are sensitive are — 1. 10, and 25 MeV, so that the energy dependence of 
absorption at Io and Europa is evident. A dependence of particle absorption 
on spacecraft magnetic latitude should be observable due to the expected 
preferential absorption of small equatorial pitch-angle particles (Mead and 
Hess 1973). The Pioneer 10 trajectory is suitable for the observation of this 
effect at lo (from Table I we see that the magnetic latitude of Pioneer 10 was 
— 6 = and 14° for the inbound and outbound passes, respectively). Figure I 
is especially tuned to observe this effect, since the particle counting rates 
shown are those measured perpendicular to the local magnetic field vector. 
The pitch-angle dependence of absorption is qualitatively confirmed by the 
middle trace in Fig. 1 . where a larger absorption effect is evident in the case 
of the higher-latitude outbound pass. An analysis of particle anisotropies in 


'See alv) p. 9 1 3. 
’See aKo p. 743. 


'See also p. 964. 
‘See uIm) p. 929. 
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TABLE I 

Pioneer-Satellite Longitude Intervals and 
Pioneer Magnetic Latitude at Times When the 
Spacecraft Traversed the L Shells of a Satellite 





Spacecraft 

Pioneer 10 or 11 

Inbound 

Longitude 

Magnetic 

and 

or 

Interval* 

Latitude" 

Satellite 

Outbound 

(deg) 

(deg) 

P 10— Europa 

I 

O 

334 

126 

- 19 
4- 4 

P 1 1 — Europa 

1 

0 

76 

204 

-43 
+ 53 

P 10— lo 

I 

0 

51 

157 

- 6 
+ 14 

Pll-Io 

l 

(a few) 

-41 

o 

163 

+ 45 

P 1 1 — Amalthea 

l 

o 

129 

30 

-34 
+ 23 


'This longitude interval is relevant Tor panicle absorption, and 
is defined as the longitude angle (0* to 360°) from the space- 
craft to the satellite in the direction of motion of the satellite in 
the frame co-rotaling with Jupiter. The accuracy of these 
values is a few degrees. This has been emphasized in the table 
by the entry for P 1 1 -lo. I. A study of the Pioneer 1 1 prox- 
imity to the lo flux tube requires a more accurate description. 
"Magnetic latitudes are those given by the D2 magnetic field 
model of Smith et at. ( 1974). The magnetic latitude of the satel- 
lites is bounded by s i I*. 


the vicinity of Io’s orbit (e.g., see Fig. 2) was also found to be consistent with 
the concept that particles with small equatorial pitch angles are absorbed 
preferentially (Simpson et al. 1974ft; Trainor et al. 1974a; Fillius et al. 
1975ft). In the case of electrons > 0.06 MeV, however, Sentman and Van 
Allen (1975) do not observe clearly identifiable effects on the angular distri- 
butions associated with passage through the magnetic shells of Ganymede. 
Europa, and lo. Angular effects for electrons may be more difficult to ob- 
serve because of pitch-angle scattering (Fillius et al. 1975ft). 

We have seen that the absorption effect is observed to depend on parti- 
cle species and energy. This fact seemed at first puzzling from the viewpoint 
of the theoretical framework developed in Phase 1 (Hess et al. 1974). How- 
ever, the slow drift approximation which is prevalent in these models is not 
valid for many of the particle energies. Simpson et al. (1974 ft) have studied 
particle absorption by lo and showed that the impact probability is depen- 
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Fig. 1. The energy dependence of panicle absorption at to and Europa. Counting rales of 
three electron detectors of the University of California. San Diego experiment for (A) the 
inbound trajectory, and (B) the outbound trajectory of Pioneer 10. These are the counting 
rates perpendicular to the local magnetic field vector. The average energy of response varies 
with location in the Jovian magnetosphere. Approximate values arc I. 10. and 25 MeV from 
top to bottom (from Mogro-Campero and Fiilius 1976). 


dent on energy and species. Furthermore, they have obtained a probable 
value for the radial diffusion coefficient of — 1 MeV protons at lo. Mogro- 
Campero el al. (1975) have discussed particle absorption by the inner satel- 
lites and they showed that the particle-satellite collision time, the radial 
diffusion coefficient, and the resulting absorption probability are expected 
to be dependent on species and energy. They also showed that the energy 
dependence of absorption exhibited by their electron detectors was in quali- 
tative agreement with the expected energy dependence. Mogro-Campero 
and Fiilius (1976) discussed several approaches to obtain estimates of the 
radial diffusion coefficient. They have derived an expression for the sweep- 
ing time at a given satellite, and by using Pioneer 10 electron data they ob- 
tained values for the diffusion coefficient at Europa and lo in the energy 
range of - 0.7 to 14 MeV. They concluded that the diffusion coefficient is a 
function of energy and L. Based on this formulation and on Pioneer 1 1 data. 
Fiilius et al. (1975 a) have recently reported values for the diffusion coeffi- 
cient of — 100 MeV protons and ~ 90 MeV electrons at Amalthea. provid- 
ing a stronger basis for contentions of energy and spatial dependences of the 
diffusion coefficient. 
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The University of Chicago Pioneer 10 LET 
(protons 0.5-1. 8 MeV) 


L = 6.00 


L = 6.12 


L - 6.24 


0 120 240 360 0 120 240 360 

Instrument Clock Angle (") Instrument Clock Angle (°) 

Fig. 2. The change in the low-energy (O.J— 1.8 MeV) proton anisotropy as the orbit of lo is 
crossed, both inbound and outbound, as observed with the U niversity of Chicago experiment 
on Pioneer 10. The diagrams near the top of the figure show the relationship between the 
magnetic field direction and the detector acceptance band (from Simpson et at. 1974 b). 




III. METHODS USED IN PHASE 2 


The Sweeping Time 

The sweeping time is defined as the time required for the satellite to 
absorb a given fraction of the trapped particles within its sweeping region. 
The following considerations apply: 

1 . It is always assumed that the trapped radiation co-rotates with the planet. 

2. Because of our ignorance of the electric and magnetic field configuration 
in the immediate vicinity of the satellites, it is assumed that trapped- 
particle motion is determined exclusively by the undistorted planetary 
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magnetic field (the D2 dipole model of Smith et al. 1 974 is used through- 
out this paper). Thus, if a trapped particle trajectory intersects a satel- 
lite, the particle is removed from the trapped particle population. The 
electron/ proton energy in MeV at which the gyroradius equals the sat- 
ellite radius is 680/220 at Amalthea, 970/410 at lo, and 220/25 at 
Europa. These energies are all above those measured on the Pioneer 
missions where absorption effects have been noticed. It is therefore not 
possible for these particles to avoid impact with the satellite when their 
center of gyration lies within the satellite. 

3. Particles may escape absorption by leapfrogging the satellite in their 
longitudinal drift motion during half a bounce period. This is not pos- 
sible for electrons of the energies in consideration (0.1 < E 5: 100 
MeV) for the four innermost Jovian satellites (Mogro-Campero and 
Fillius 1976), but it is an important point to consider e.g., in the case of 
protons with < 7 MeV at Europa. For convenience at this time, we re- 
strict our attention to cases where this longitude skipping mechanism 
is unimportant. 

4. The extent of the sweeping region AL, is a function of equatorial pitch 
angle. This is equivalent to the preferential absorption of small pitch- 
angle particles mentioned previously. This concept, as well as the ge- 
ometry of particle absorption, can be illustrated by considering satellite 
trajectories in magnetic field coordinates. Such a trajectory for Io is 
shown in Fig. 3. It is clear from this figure that particle absorption is 
more likely for small equatorial pitch-angle particles, since their mag- 
netic latitude coverage is wider than that of the satellite. 

The time required for removal by lo of 90% of the electrons and protons 
at L = 6. 1 9 has been evaluated by computer simulation as a function of ener- 
gy by Simpson et al. (19746), and is shown in Fig. 4. At low energies the 
smooth behavior corresponds to complete absorption within one drift period. 
At higher energies the fine structure is produced by particles whose drift 
velocity is in some simple ratio to the velocity of Io in the co-rotating frame. 
The effects of radial diffusion were not considered. 

When reviewing the Pioneer data we have concluded that longitudinal 
uniformity of the particle intensity profiles in the vicinity of the satellites 
is probably a good approximation. Processes contributing to this uniformity 
are the combined effects of the particle’s drift motion, random radial dis- 
placements characteristic of their radial diffusive motion, and possible lo- 
calized turbulent diffusion (Huba and Wu 1975). 

By postulating that longitudinal uniformity would be achieved in time 
scales comparable or shorter than the satellite orbital period in the co-rotating 
frame. Mogro-Campero and Fillius (1976) derived the following expression 
for the sweeping time at a satellite: 

T, — ~gt r tn v (I) 
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I I I I 1 1 I 

0 60 120 180 240 300 360 

JOVIAN LONGITUDE (DEGREES) 


Fig. 3. lo's trajectory in the magnetic field coordinates L and magnetic latitude versus Jovian 
System III longitude (Mead 1974). The width of the band in L corresponds to lo's diameter 
and determines the sweeping corridor for particles with gyroradii « lo's radius, lo passes 
through a given longitude in the sweeping corridor once every orbital period in the frame of 
reference co-rotaling with Jupiter (from Mogro-Campero and Fillius 1976). 
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ig. 4. The time required for removal by lo of 90*2 of the (A) electrons and < B > protons ini- 
tially present in a uniformly populated drift shell at L = b. 19 in the absence of radial diffusion, 
computed as a function of energy. The ratio of particle drift velocity to lo's orbital velocity 
in the co-rotating frame is labeled P,,/!', (from Simpson er til. 1974b). 
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where g is a geometrical factor which depends on the satellite and the pani- 
cle equatorial pitch angle, y is the fraction of particles surviving absorption 
(to be determined from the data), and t r = \/ > , + fj-' with /, = satellite or- 
bital frequency and = particle drift frequency (— /+ refers to electrons/ 
protons). T, oc t c had been suggested earlier by Mogro-Campero et al. 
(1975). Although it has always been assumed that the relevant satellite 
diameter for particle absorption, is the physical diameter d of the satellite, 
it is illustrative to discuss the dependence of the geometrical factor g on d. 
This is useful in considering for example the result of changing the effective 
satellite diameter by internally or externally generated magnetic fields. In 
the simplest case of trapped particles with equatorial pitch angles < 67°. 
g oc d~ l (Mogro-Campero and Fiiiius 1976). 

The sweeping time given by Eq. (1) is shown in Fig. 5 as a function of 
particle energy at Io. In comparing the energy dependence of the solutions 
in Figs. 4 and 5, we notice that at the higher energies (£ > 3 MeV), the 
smooth energy dependence in Fig. 5 approximately follows the envelope of 
minima in Fig. 4. In order to compare absolute values we have evaluated 
Eq. (1) at L = 6.19 and for y = 0.1, and we find that in this high-energy re- 
gion Eq. ( I) gives values of a factor of — 3 higher than the envelope of mini- 
ma in Fig. 4. At the lower energies Fig. 4 is relatively energy independent 
and a comparison of absolute values results in a maximum discrepancy at 
0. 1 MeV, where Eq. (1) lies a factor of ~ 6 lower than the value in Fig. 4. 

In Fig. 5, the strong energy dependence of the electron sweeping time 
at - 30 MeV is a consequence of the inefficient particle absorption which 
occurs with zero relative velocity between the drifting particles and the 
satellite. The other “resonant” energies for electrons are 14.5 MeV at 
Amalthea, 21 MeV at Europa, and 14 MeV at Ganymede. The strong energy 
dependence makes it difficult to estmate sweeping times for particles of 
energy near the resonant energies. The fact that the observations are con- 
sistent with inefficient absorption at these energies (e.g.. see the higher- 
energy electrons in Fig. 1) is an indirect confirmation of the assumption of 
trapped panicle co-rotation. It is interesting to note that if no co-rotation is 
assumed, the situation is reversed in the sense that protons and not electrons 
will exhibit the resonance phenomenon. For example, ~ 5 MeV protons 
at Io, and — 40 MeV protons at Amalthea would diffuse past these satel- 
lites with ease. Protons of — 1 to 2 MeV and those of — 18 MeV are ob- 
served to be significantly absorbed at Io, but no measurements exist at — 5 
MeV so that this possibility cannot be excluded. On the other hand, if parti- 
cles do not co-rotate, the observed inefficient absorption of high-energy 
electrons discussed above would remain unexplained. 

The Radial Diffusion Coefficient 

The equation describing the radial diffusion of particles by violation of 
the third adiabatic invariant is (Schulz and Lanzerotti 1974): 
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Fig. 5. The sweeping time at lo as given by Eq. ( I ) in the text, as a function of panicle energy. 
Selected values of the fraction of particles surviving absorption are indicated. The value used 
for the geometrical factor g in Eq. ( I ) corresponds to particles which mirror at magnetic 
latitudes 2 1 1*. 


IL 

at 




3L 


(RiL\ 

k L~ 3L/ 


( 2 ) 


where f is the phase space density of particles such that / d'x d 3 p is the 
number of particles in the spatial volume element d‘x and in the momentum 
volume element d'p\ it must be evaluated at constant first and second invari- 
ants. The relationship between the differential particle flux j (cm -2 sec -1 
ster' 1 MeV -1 ) measured perpendicular to the magnetic field vector and 
f = jlpr. Since L is the dimensionless shell parameter, the dimension of the 
diffusion coefficient D is inverse time. 
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Particle absorption in the satellite sweeping region AZ. can be treated by 
adding a loss or sink term 5 = — /’1 7> to the right-hand side of Eq. (2). The 
time 7> is the exponential decay time of particles in the absence of diffusive 
flow as can be readily seen from Eq. (2) with sink term but no diffusion term. 
From Eq. (I) we see that the particle population may in fact be considered 
to decay exponentially with time, so that Tf — g t r . 

Since the objective is to obtain values for the diffusion coefficient, Eq. 
(2) with sink term must be solved for D. For D cc L" and steady state con- 
ditions (d//df = 0), Mogro-Campero and Fillius (1976) obtain 



(3) 


valid in the sweeping region AZ.. The parameter a can be obtained by solving 
Eq. (2) in the steady state in an L-region with no satellite absorption, result- 
ing in 


a 


- bflbL ' 


(4) 


In order to evaluate these expressions we require a substantial set of 
differential energy measurements covering a wide range of spatial locations 
and energies. Similar approaches have been profitable in the case of Earth’s 
radiation belt (Schulz and Lanzerotti 1974), but other methods may be more 
appropriate for the analysis of the first stage of Jovian radiation belt explora- 
tion. An estimate of the diffusion coefficient can be obtained by solving the 
diffusion Eq. (2) with sink term for the phase space density /, and comparing 
this with / determined by the observations. The value of D for the best fit 
can then be chosen. Mogro-Campero and Fillius ( 1 976) have used this meth- 
od for a particular case where the;' could determine /. Toe following expies- 
sions derived from the diffusion equation by different approximations have 
been used in considering Jovian radiation belt data [Mogro-Campero and 
Fillius (1976); and similar expressions in a paper by Simpson et al. (19746)]: 


D = 


(AZ^ 

47", 


(5) 


D 


AZ. 


(6) 


where T, is the sweeping time and A L the sweeping region, both defined 
above. Another approximate expression can be obtained by solving Eq. (27) 
of Mead and Hess (1973) for D. In the notation of this paper one obtains 



PARTICLE ABSORPTION BY SATELLITES 


1203 


D =* 


(A Lf 
T f (cosh-' 


(7) 


If T, from Eq. (I) is used in (5), Eqs. (5) and (7) give results which differ at 
most by a factor of 2 in the range 0.001 < y < 0.9 (by definition y must be 
in the range 0 « y « 1 ). 


IV. VALUES OF THE RADIAL DIFFUSION COEFFICIENT 

Values of the diffusion coefficient based on the approximate formulas 
(5) and (6) have been evaluated at the orbits of satellites: for - I MeV pro- 
tons at lo (Simpson el al. 19746). for ~ 0.8 MeV and ~ 12 MeV electrons 
at lo and Europa (Mogro-Campero and Fillius 1976), and for — 100 MeV 
protons and — 90 MeV electrons at Amalthea (Fillius et al. 1975a). Mogro- 
Campero and Fillius (1976) find evidence for an energy and spatial depen- 
dence of the diffusion coefficient. 

Any given experiment is limited in its coverage of energy and species. 
It is also difficult to compare diffusion coefficients deduced by different ex- 
perimenters since their methods are not identical. Furthermore, estimates 
of diffusion coefficients have not yet been made by all Pioneer experimenter 
teams. It therefore seemed of interest to compute diffusion coefficients using 
all of the Pioneer 1 0 and 1 1 data reported so far. by one method. This has 
been done by using Eq. (5), with T, given by Eq. (1). It must be cautioned 
that Eq. (5) is a crude approximation, but since most of the Pioneer data has 
not been reduced to produce particle phase space densities, better approxi- 
mations such as that of Eq. (6), and especially of Eqs. (3) and (4) are not yet 
possible for the whole set of data. 

The diffusion coefficients as a function of particle kinetic energy are 
shown in Figs. 6 and 7. An overall positive slope is apparent. A more reason- 
able parameter is probably the particle-drift frequency, since radial diffusion 
is caused by violation of the third adiabatic invariant in a time comparable 
to the particle-drift period in an inertial frame. Therefore, particles with the 
same drift frequency at a given L should have the same diffusion coefficient. 
The relationship between particle species, energy, L value, and drift fre- 
quency is illustrated in Fig. 8. The diffusion coefficients as a function of 
particle-drift frequency are shown in Figs. 9 and 10. The frequency depen- 
dence shows a minimum near the co-rotation frequency and is an indirect 
measure of the power spectrum of the electric and magnetic field irregulari- 
ties which are responsible for violating the particles’ third adiabatic invariant 
(e.g., see Schulz and Lanzerotti 1974). Since the diffusion coefficient de- 
pends on drift frequency, the L dependence is displayed in three frequency 
regimes in Fig. 1 1. 

From the results in Fig. 1 1 we see that it is not possible to identify a 
simple spatial dependence for the diffusion coefficient. There is uncertainty 



DIFFUSION COEFFICIENT (s‘‘) 



Fig. 6. Diffusion coefficients as a function of particle kinetic energy for protons and electrons 
at lo and Amalthea. The dashed line is meant to serve as a reference slope. 
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Fig. 8. Drift frequencies of protons and electrons of selected energies as a function of L in 
an inertial frame. The ranges of L values traversed by the satellites are indicated at their 
appropriate orbital frequencies (JV is Amalthea. JI is lo.JII is Europa. and J 1 1 1 is Gany- 
mede). The dashed line corresponds .to negative frequencies i.e.. opposite to the direction of 
planetary rotation (from Mogro-Campero et a!. 1975). 
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PARTICLE DRIFT FREQUENCY IN INERTIAL FRAME (s 1 ) 

Fig. 9. Diffusion coefficients as a function of particle drift frequency in an inertial frame for 
protons and electrons at lo and Amallhea. A minimum seems to occur at the planetary rota- 
tion frequency (co-rotation frequency). 
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Fig. 1 1. The diffusion coefficient as a function of L based on Pioneer 10 and 1 1 trapped par- 
ticle data in the vicinity of the orbits of Amaithea (L =■ 2.6). lo ( L » 6) and Europa ( L =» 
9.5). The approximations used are described in the text. The diffusion coefficients have been 
classified into low-, medium-, and high-frequency regimes, with arbitrary boundaries. The 
planetary rotation frequency (the low-energy limit of the particle-drift frequency in the iner- 
tial frame) lies approximately in the middle of the medium-frequency regime. The dashed 
lines are rough visual fits drawn lo illustrate the steepness of spatial dependences. The dotted 
line with k =• 2 x 10'" sec' 1 was deduced from radio observations by Birmingham el at. 
( 1974) before the Pioneer particle data became available. 
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particularly at medium frequencies in going from lo to Europa. An overall 
simplifying statement would be to deduce from these results that if a power 
law must be chosen, the exponent a =» 4 is a reasonable value. The urge to 
fit the spatial dependence into a power law comes from our experience at 
Earth and from theoretical considerations (see Sec. 1). where D cc L" is a 
reasonable approximation with a = 10. 6 or — 3 depending on whether the 
mechanism responsible for the violation of the third adiabatic invariant is 
due to, respectively. 

(a) deformation of the magnetic field by the solar wind, 

(b) randomly fluctuating electric fields, or 

(c) field-line exchange driven by ionospheric winds. 

We also have D = kLr, with k — 2 x 10~" sec -1 given by Birmingham et al. 
(1974) from their fits to radio observations at L < 4 (this result has been in- 
cluded in Fig. 6 as a dotted line). The value a =■ 4 is higher than the favorite 
pre-Pioneer values of a =* 2 or 3. 


V. SUMMARY AND COMMENTS 

In Sec. I we have reviewed the work done on the absorption of trapped 
particles by the Jovian satellites in the pre-Pioneer 10 era. The emphasis at 
that stage was on determining the relative importance of such absorption, 
and it was generally felt to be a relevant process in the inner magnetosphere. 
Much of the conceptual framework needed to study the absorption process 
and its consequences for the trapped particle distributions was developed at 
this time. The power law exponent a =• 2 to 3 in D <x L" was favored. 

In Sec. II we have reviewed the work performed after Jupiter encounter 
data became available from Pioneer 1 0. Absorption effects at the inner satel- 
lites were observed by charged particle detectors on Pioneers 1 0 and 1 1 . 
Particle angular distributions are consistent with expected absorption effects, 
and the absorption effects seem to have little or no longitude dependence. 
An energy and species dependence is clearly observable in the data, and 
progress has been made in accounting for this effect. 

In Sec. Ill, the methods used in the analysis of particle data have been 
reviewed. A major uncertainty in considerations of the absorption process 
is the electric and magnetic field configuration in the vicinity of the satellites. 
These fields may change the absorption cross section which is presently 
taken to be the geometrical one. Methods are available for computing the 
time required for a satellite to absorb a given fraction of the trapped particles 
within its sweeping region. It is possible to calculate the diffusion coefficient 
of particle radial motion by using parameters obtained in considering the 
absorption process and by neglecting other terms (such as pitch-angle dif- 
fusion) in the diffusion equation. The data currently available probably are 
too unsophisticated to use the more powerful theoretical methods so that 
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approximate expressions for the diffusion coefficient have been derived and 
used. 

In Sec. IV we have referenced current values of the diffusion coefficient 
and presented a first attempt at a unified approach based on the complete 
set of available particle data. For self-consistency in the absorption analysis, 
diffusion coefficients derived from the data should be inserted into the dif- 
fusion equation which can then be used to predict the particle intensity pro- 
files. The spatial dependence of the diffusion coefficient derived from particle 
observations appears steeper (a =* 4 in Doc L") than the pre-Pioneer expec- 
tations. It should be noted, however, that the early studies were concerned 
mostly with the region around L = 2, where the synchrotron radio source is 
important 

Substantial improvement in absorption analysis is probably not to be 
expected from more refined magnetic field models, except possibly near 
Amalthea (Fillius et al. 1975a). For example, the maximum sweeping re- 
gions A L for the D2 model of Smith et al. ( 1 974) are 0.28, 0.40, and 0.55 for 
Amalthea, Io and Europa. The corresponding values for the O., magnetic 
field model of Acuna and Ness (1975)'’ are 0.44, 0.57, and 0.63. 

Acknowledgements. I thank R. W. Fillius and C. E. Mcllwain for helpful 
comments and discussions. This work was supported in part by NASA Con- 
tract NAS 2-6552 and by NASA Grant NGL 05-005-007. 

DISCUSSION 

T. R. McDonough: The L 3 dependence of the diffusion coefficient which 
we got in the Brice theory was dependent on the model of the fluctuating 
winds in the upper atmosphere which we assumed. The real behavior of 
these winds may give a different L-dependence. 

A. Mogro-Campero: I agree. I would like to mention, in that connection, 
that the Lr or L? dependence in the pre-Pioneer literature was derived to fit 
the radio data, which is mainly around L — 2. The Pioneer data, however, 
cover larger values of L, and the dependence of the diffusion coefficient on L 
might become less steep as one approaches the planet 

C. K. Goertz: I would like to point out that the actual problem of deriving 
a diffusion coefficient from the observed absorption of particles by the satel- 
lites is much more complicated. 

1. The satellites absorb the particles every 15 or 20 hours and thus the 
problem becomes strongly time dependent. 

2. The solution of the diffusion equation depends on the initial and bound- 
ary conditions which are time dependent. Every time the satellite passes 
a particular L shell it interacts with the holes created previously. 


'See. however, p. 38. 



1212 


A. MOGRO-CAMPERO 


3. The holes created by the satellites drift in azimuth. I do not believe that 
azimuthal symmetry is a valid assumption. 

A. Mogro-Campero: I think it is clear to all who have worked on this 
problem that its treatment can be made more complicated. What is not clear 
is whether the additional complications provide a better description of the 
physical phenomena. Furthermore, in obtaining numerical values for dif- 
fusion coefficients one must take into account the nature of the observations 
available and our current knowledge of Jovian magnetospheric parameters. 

The effect of the holes created by the satellites and their drift in time has 
been discussed by Simpson el al. (1974 b). Justifications for the assumptions 
made by different authors are given in their papers. The relative merit of the 
approach you have outlined will be judged when it is presented in the lit- 
erature. 

D. Harris: Could these data be used to compute the net charge on Io? 

A. Mogro-Campero: The net charge on Io, due to its absorption of elec- 
trons and protons of the energies which have been measured, can be esti- 
mated. The contribution to the net charge from the probably more numerous 
lower-energy particles, whose fluxes have not been measured, is unknown, 
so that the computed net charge would be of little value. 
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The Absorption of Trapped Particles by the Inner Satellites of Jupiter 
and the Radial Diffusion Coefficient of Particle Transport 

Antonio Mogro-Campero 1 and Walker Fillius 

Physics Department. University of California at San Diego. La Jolla. California 92093 

The process of trapped particle absorption by the inner Jovian satellites is considered in detail by talcing 
into account both the particle and the satellite motions in a magnetic dipole field which is displaced from 
the center of the planet and tilted with respect to the planetary rotation axis in the manner found by 
magnetic field measurements on Pioneer 10. It is assumed that particle motion is controlled exclusively by 
the planetary field and that a particle is removed from the trapped particle population when its trajectory 
intersects the physical boundary of a satellite. We derive an expression for computing the sweeping time at 
a given satellite, defined as the time required for the satellite to sweep up a given fraction of the trapped 
particles within its sweeping region. By making use of the sweeping time and the radial diffusion equation 
of particle transport we derive approximate expressions for the diffusion coefficient. Measurements 
performed in the Jovian magnetosphere by the University of California at San Diego experiment on 
Pioneer 10 are then used to obtain estimates of the diffusion coefficient at the orbits of lo (L s» 6) and 
Europa (L a> 9.3). We find that the diffusion coefficient is a function of energy and L for electrons in the 
energy range ~0.7-14 MeV. 


The absorption of trapped particles by the Jovian satellites 
was treated by Mead and Hess [1973] and by Hessetai. [1974], 
These authors considered the effect of satellite absorption on 
the trapped particle distribution function by assuming certain 
boundary conditions for particle injection into the radiation 
belts and by using diffusion coefficients derived independently. 

Since December 1973, when Pioneer 10 flew by Jupiter, 
direct measurements of the Jovian trapped radiation and mag- 
netic field have become available for the first time (for the 
latest reports, see special Pioneer 10 issue of the Journal of 
Geophysical Research, 79, 3487-3694, 1974). These measure- 
ments have permitted a more detailed consideration of the 
absorption process and have led to an extension of its treat- 
ment to include higher energies [Simpson et al., 1974; Mogro- 
Campero et al., 1975], 

Since the particle fluxes have now been measured, the ob- 
served absorption of particles by the Jovian satellites can be 
used to obtain values for the radial diffusion coefficient. In this 
paper we discuss the process of trapped particle absorption by 
satellites in a dipole magnetic field, and we derive expressions 
for the satellite sweeping time. We show how values for the 
radial diffusion coefficient can be obtained from data on par- 
ticle fluxes and the satellite sweeping time. Finally, data ob- 
tained with the University of California at San Diego experi- 
ment on Pioneer 10 are used to arrive at values for the 
diffusion coefficient in the inner Jovian magnetosphere. 

1. Absorption of Trapped Particles BY THE 
Inner Satellites of Jupiter 

Preliminary Considerations 

Satellite absorption cross section. The fundamental as- 
sumption is that if a trapped particle trajectory intersects a 
satellite, the particle is removed from the planetary trapped 
particle population. The absorption process need not be speci- 
fied but might be magnetic field confinement to the vicinity of 
the satellite, neutralization by charge exchange in the satellite 
atmosphere, energy loss by ionization, pitch angle scattering 
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into the planetary loss cone, nuclear interactions, etc. The 
magnetic field configuration in the vicinity of the Jovian satel- 
lites is unknown but is of critical importance for the particle 
absorption process. Depending on the conductivity of the 
satellite this field configuration could be such as to reduce the 
number of particles absorbed by deflecting particles away from 
the satellite; on the other hand, the magnetic field geometry 
could be such as to guide particles toward an impact with the 
satellite. The effective cross section for trapped particle ab- 
sorption may therefore be smaller or larger than the actual 
satellite dimensions and can be expected to be a function of 
gyroradius and pitch angle. In addition, the effective cross 
section may be a function of particle species, since the absorp- 
tion processes are. There is evidence from the Pioneer 10 data 
that Io is a local source of electrons at low energies [ Mcllwain 
and Fillius. 1975]. As is discussed by Shawhan et al. [1973], 
their model for the acceleration of electrons at Io requires that 
Io have a sufficiently good conductivity to act as a unipolar 
generator. However, since trapped particle absorption is ob- 
served at the orbits of the inner satellites, we believe that some 
magnetic field lines intersect these bodies. In the absence of 
more concrete information we assume here that particle mo- 
tion is controlled exclusively by the Jovian magnetic field and 
that the effective absorption cross section is determined by the 
satellite radius. This assumption corresponds to the satellite 
being a perfect insulator. Even in this simple case we will see 
that the absorption is dependent on gyroradius and pitch 
angle. 

Planetary magnetic field. For the evaluation of character- 
istic particle parameters which depend on the magnetic field 
we assume that the field is given by B = 4 G/L’, where L is 
determined from the most recent best estimate of the magnetic 
field, i.e., the D2 noncentered dipole model of Smith et al. 
[1974], which appears to be a reasonable approximation for L 
< 15. The satellites included in this range of L are Amalthea, 
lo, and Europa (their physical and orbital characteristics can 
be found in the paper by Mead and Hess [1973]). 

Frame of reference. We assume that the trapped radiation 
corotates with the planet [Brice and loannidis, 1970], so that it 
is convenient in this paper to consider motion in a corotating 
frame of reference. In this frame the four inner Jovian satellites 
rotate clockwise as viewed from the north, and the trapped 
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electrons and protons drift around the planet clockwise and 
counterclockwise, respectively. 

Longitudinal skipping. Particles may escape absorption by 
leapfrogging the satellite in their longitudinal (drift) motion 
during half a bounce period. If the satellite radius and particle 
gyroradius are R, and R„ respectively, the effective cross- 
sectional radius of absorption is R, + R,. For simplicity, we 
restrict our attention to cases for which R, « R„ so that the 
cross-sectional radius is R, + R, * R, (e.g., at Io, R, < 0.1 R, 
for £ < 100-MeV electrons). 

If we measure the satellite diameter in longitude units and 
represent it as D and if Al(s, e) and Al(e) are the absolute 
values of the changes in longitude of the satellite and electron 
during half a particle bounce period, respectively, we conclude 
that electrons may escape absorption only if | Al(s, e ) — A/(e)| 
> D. For protons we obtain a plus sign in the previous 
inequality. In Figure I we show these changes in longitude as a 
function of energy for protons and electrons in the energy 
range 0.1-100 MeV for Europa. From this figure we conclude 
that longitudinal skipping is not possible for electrons of the 
energy shown at Europa but that it is possible for protons (it is 
important to replace D = 1R, by 2{R, + R,) for the higher- 
energy protons, since R t > 0.7 R, for £ > 10 MeV). By a 
similar analysis for the four innermost Jovian satellites we 
conclude that longitudinal skipping of electrons is not possible 
for any of these satellites over the energy interval 0.1 < £ < 
100 MeV. 

Henceforth, we restrict our attention to particle energies for 
which the effective absorption cross-sectional radius is equal to 
the satellite radius and for which longitudinal skipping is not 
possible. 

Absorption Process and Satellite 
Sweeping Time 

Satellite sweeping corridor and particle-satellite sweeping re- 
gion. In Figure 2 we show the trajectory of Io displayed in 
the coordinates convenient for an analysis of trapped particle 
motion ( L and magnetic latitude versus Jovian system 3 longi- 
tude). The width shown in the L coordinate corresponds to 
Io's diameter, so that for particles with gyroradii much smaller 
than Io's radius the band shown in the figure defines the 
sweeping corridor of the satellite. The sweeping corridor is 
retraced by Io with a frequency f, given by the inverse of its 
orbital period in the corotating frame. 

Since the orbits of the inner satellites are in the Jovian 



Fig. I. Parameters relevant to longitudinal skipping at Europa. 
The absolute values of the changes in Jovian longitude are measured in 
the frame of reference which corotates with the planet. Here. A l(s, e) is 
the change in longitude of the satellite during half an electron'bounce 
period, and Al(e) is the change in longitude of the electron during half 
its bounce penod (e is replaced by p in the case of protons). D is the 
longitude range occupied by the satellite diameter. 



Fig. 2. Io’s trajectory in the magnetic field coordinates L and 
magnetic latitude versus Jovian system 3 longitude [Mead. I974J. The 
width of the band in L corresponds to Io's diameter and determines 
the sweeping corridor for particles with gyroradii much smaller than 
Io's radius. Io passes through a given longitude in the sweeping 
corridor once every orbital period in the frame of reference corotating 
with Jupiter. 

equatorial plane and since the tilt of the magnetic dipole axis 
with respect to the rotation axis is 1 1 °, the maximum magnetic 
latitude excursion of a satellite is 1 1°. Particles which mirror at 
magnetic latitudes of <11° (i.e., those with equatorial pitch 
angles a, > 67°) will not intersect the sweeping corridor at 
some longitudes. Therefore particles with a, < 67° have the 
highest probability of being absorbed, and the absorption 
probability decreases with increasing a, for a, > 67°. It is 
convenient to define a particle-satellite sweeping region A L. 
which is the effective extent in L of the sweeping corridor. If 
the sweeping corridor extends from L , to £,, the sweeping 
region A L, which is a function of particle mirror latitude, is 
AL 5 L t — £, = 0.4 for Io. 

Satellite sweeping time. Let us first consider the sweeping 
process at a fixed value of L, where the sweeping corridor 
intersects a longitude interval a. For example, from Figure 2 
we see that at L = 6.2, a = 0.7 rad. The time that the satellite 
spends at this L value is T L = a/(2xf,), where /, is the satellite 
orbital frequency. The time required to absorb all particles if 
the satellite were at this L value continuously is f c = \ f, ± 
f p l" 1 , where f p is the particle drift frequency and the plus or 
minus refers to protons or electrons. All particles in a longi- 
tude range# = 2ir TJt t - a/(J,t e ) will be absorbed during the 
time that the satellite spends at that L value. We know that 
trapped particles are subject to longitudinal drift motion and 
random radial displacements which characterize their radial 
diffusive motion. We assume that these processes produce an 
effective uniform distribution of particles such that on the 
average a constant fraction of particles within the sweeping 
region will be absorbed during every satellite orbital period. 
Since t e is nearly constant across the sweeping region, this 
average fraction will be B = A/(2irf,t c ), where A is the average 
over L of the longitude range intersected by the sweeping 
corridor. The area of the sweeping corridor is A AL. which may 
also be evaluated by integrating along the longitude coordi- 
nate. Since the width of the corridor in L is the satellite 
diameter d, the area is 2ird for particles which mirror at mag- 
netic latitudes of >11° (a, < 67°), and in this case. B = 
d/(ALf,t c ). 
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We define the satellite sweeping time as the time that it takes 
the satellite to absorb a given fraction of the particles con- 
tained within its sweeping region. In section 3 we discuss how a 
value for the fraction of particles absorbed can be obtained 
from the data. Since a constant fraction B are absorbed during 
every satellite rotation period (/,*'), the fraction of particles 
surviving absorption will be y = exp (-Btf,). Solving for /, we 
find the following expression for the satellite sweeping time: 

T = -2rt' In y/A (I) 

For a, < 67°, 2 x/A » AL/d. The sweeping time is a function 
of energy, as is shown in Figure 3 for electrons at Io. We have 
used the following values: /, = 2.1 X I0 _ * s*‘; f p = 1.16 X 
10* ? ££(7 + 1 )/y, where £ is the kinetic energy of the particle 
and y is the total particle energy in units of the rest energy: and 
AL = 0.4, which is valid for particles mirroring at magnetic 
latitudes greater than ~ll° (see Figure 2), i.e., for particles 
which have access to the sweeping corridor at all longitudes. 
The structure of T as a function of energy is due entirely to ( c 
= |/, — /pi which has a singularity at /, = /„, reflecting the 
inefficient absorption which occurs with zero relative velocity 
between the drifting particles and the satellite. 

We conclude this section by comparing our expression for 
the sweeping time with others given in the literature. In the 
notation of this paper, the energy dependence of the sweeping 
time was given as T = by Mogro-Campero el ai. [1975], 
which is consistent with our equation (I). 

Simpson et ai. [1974] have computed the sweeping time for 
electrons and protons at L = 6.2 and for 10% of the particles 
surviving absorption (see their Figure 22). Their sweeping time 
is not directly comparable to ours, since it refers to a specific £ 
value within the sweeping region, where they have assumed no 
radial displacements of the particles. In that case it is impor- 
tant to consider the longitude interval through which particles 
drift during one satellite orbital period (6 = 2 rf p /f,) and to 
compare this with the longitude interval swept up by the 
satellite (ji = a/(J,t c ), as derived above). When & > 0, corre- 
sponding to £ > 2.3 MeV electrons for L = 6.2, particles may 
escape absorption by drifting past the particle-satellite inter- 
action interval during one satellite orbital period. This leads to 
a resonant behavior of the sweeping time when the drift period 
is a multiple of the satellite orbital period. Our expression (1) 
smooths out these narrow energy spikes (see Figure 22 of 
Simpson et ai. [1974]) and at the same time maintains the 
broad energy dependence inherent in t e . For low-energy par- 
ticles (S < 0) a fraction of particles 3/2r = f„ are absorbed 
during every satellite period, so that the sweeping time T * 
/p~‘ (see Figure 22 of Simpson et ai. [1974]), and T increases 
with decreasing energy. From our equation (1 ) (see also Figure 
3) we see that the sweeping time becomes constant at low 
energies. This difference in behavior of the solutions at low 
energies is due to the randomizing effect of particle radial 
motion which we have included in our case. 

2. Radial Diffusion Coefficient 
of Particle Transport 

The equation describing particle transport for radial diffu- 
sion by violation of the third adiabatic invariant o is [Schulz 
and Lanzerotti, 1974] 



The Do is the diffusion coefficient in the coordinate <?. The 


phase space density of particles r is defined such that rd’xd’p 
is the number of particles contained in the spatial volume ele- 
ment <Px and in the momentum volume element d'p. In (2), r 
is to be evaluated at constant first and second invariants. The 
relationship between the differential particle flux j (cm*? sr*‘ 
s* 1 MeV* 1 ) measured perpendicular to the magnetic field vec- 
tor and r is t = j/p *, where p is the particle momentum. 

A first estimate of the diffusion coefficient can be obtained 
by finding the characteristic time that it takes particles to move 
a distance AL equal to the satellite sweeping region while they 
are undergoing diffusion as described by (2). We first change 
coordinates to L by noting that oc £-> and £>* (d<pf 
[Roederer, 1970], and we obtain 



where D = D L is the diffusion coefficient in the coordinate L. 
which we henceforth refer to as the radial diffusion coefficient. 
We now calculate the mean square displacement in L, (ALf, 
of an infinitesimally thin particle distribution starting from 
time f = 0. We assume that D is independent of L across the 
thin developing distribution. Using (3) and following the deri- 
vation of £«/[1965], we obtain t = (ALY/4D. Equating this 
time to the satellite sweeping time T gives 

D =< ALV4T (4) 

Although (4) should give correct order of magnitude estimates 
of the diffusion coefficient, it is not expected to be very accu- 
rate. The shortcoming, which is fundamental, is that the radi- 
ation belt is not a spreading particle sheet, and the 
correspondence between model parameters and measurables is 
imperfect. 

A second estimate can be obtained by considering a diffu- 
sive inward particle flow and calculating the fraction of par- 
ticles lost in crossing the sweeping region. 

Equation (2) is of the form of an equation of continuity, the 
right-hand side corresponding to the divergence of a current I 
= -D p (3t/ B ifi). One can then define a diffusion velocity 
A ip/At such that / - r{Av/At). We again change coordinates 
to the more useful radial dimensionless coordinate L, and the 
expression containing the diffusion velocity becomes 

AL/At = -D 3/BL (In r) (5) 



— r. 

•r.iC’SC'i l -\E s Gt Vev; 

Fig. 3. Sweeping time T (equation (I)) at lo as a function of 
electron kinetic energy and for selected values of the fraction of 
particles surviving absorption. 
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In order to use (5) to obtain quantitative estimates of D in the 
neighborhood of the Jovian satellites we set the diffusion ve- 
locity A L/At equal to the width of the sweeping region A L 
divided by the sweeping time T that it takes to absorb a 
fraction 1 — y of the particles (equation (I)). For convenience 
we denote the slope £(ln t)/BL = n, so that our expression for 
the diffusion coefficient becomes 


D a. -A L/nT (6) 


Equation (5) can be used to describe a fundamental 
characteristic of particle transport. Since the diffusion 
coefficient D is a positive quantity, a determination of t(L) 
allows one to deduce the sign of the diffusion velocity. Thus in 
the case of the inner Jovian magnetosphere, Mcllwain and 
Fillius [1975] conclude that particles move toward the planet, 
since they find that the slope n = d(\n r)/dL is positive. We 
feel that (6) is more accurate than (4). Note, however, that 
there is an increased demand on the experimental 
measurements. Whereas (4) requires only the fraction of par- 
ticles surviving absorption, (6) requires both this fraction and 
the first spatial derivative of the phase space density r. 

Expressions of the type D ~(ALf/T and (5) have been used 
to obtain estimates of the absorption effectiveness of the Jo- 
vian satellites (S. A. Jacques and L. Davis, Jr., unpublished 
manuscript, 1972) and the diffusion coefficient at the orbit of 
Io [Simpson et al., 1974). 

If the measurements also allow a determination of the sec- 
ond spatial derivative of r, one can obtain the diffusion 
coefficient directly by use of the diffusion equation (3) by 
adding a sink term -s to the right-hand side to describe 
particle absorption in the sweeping region of a satellite. If the 
number of particles decays exponentially, as we found in the 
subsection on satellite sweeping time in section I, the sink term 
can be expressed as s = r/T t , where T, is given by (1), with In y 
= - 1. Equation (3) with sink term can now be solved for the 
diffusion coefficient D for steady state conditions 

(dr/dt = 0), and we obtain 


D = — 

T, L L dl BL 2 J 


(7) 


which is valid in the sweeping region A L. To obtain m, we 
consider an L region where there is no satellite absorption, and 
we solve (3) in the steady state to obtain 

. . d 2 r/dL 2 

m = 2 — L ■ 7T , 

dr/dL (8) 


Although (7) and (8) give a complete solution, they demand 
more of the experimental data than we can deliver at our 
present level of data analysis. Therefore when we obtain nu- 
merical values for D in section 3, we use only the first two 
methods (equations (4) and (6)). 

The ultimate test of a value for D is whether or not the 
diffusion equation reproduces the experimental results when it 
is integrated away from some boundary conditions. If one uses 
a constant value of D within the sweeping region, (3) with sink 
term can be reduced to Bessel’s equation, and the solution can 
be compared with the observations. In section 3 such a com- 
parison is made for one case where the data allowed us to 
obtain a rather good profile of the phase space density r. 


3. Values for the Radial Diffusion Coefficient 

The University of California at San Diego instrument on 
Pioneer 10 made measurements at Jupiter of electrons with 


energy thresholds in the range 0.1 < £ < 35 MeV. In Figure 4 
we show an overall view of the behavior of counting rates for 
three integral energy measurements. We also show the loca- 
tions of the sweeping regions of the relevant Jovian satellites. 
We see that there is evidence for absorption at Io and Europa. 
The differences in absorption as a function of energy can be 
understood qualitatively by considering the dependence of the 
absorption and radial diffusion processes on the particle drift 
period [Mogro-Campero et al.. 1975], 

In this section we explain the handling of the experimental 
data and other parameters needed to obtain the diffusion 
coefficient. In Table I we present our values for the diffusion 
coefficient and related parameters at Io and Europa. 

The energy response of our detectors is determined by the 
product of the geometric factor [Fillius and Mcllwain, 1974], as 
given, e.g., in their Figure 3, and the differential energy spec- 
trum [Mcllwain and Fillius, 1975], For example, the average 
energy of particles measured by the C2 detector of Figure 4 in 
the neighborhood of the orbit of Io is £ = 14 MeV, and the 
energy response has a full width at half maximum of 1 1 MeV, 
extending from 6 to 17 MeV. Therefore although the detectors 
are sensitive to all particles above a threshold energy, a differ- 
ential energy spectrum of negative exponent will lead to the 
detection of a majority of particles within an energy window. 
We use £ for the evaluation of parameters which are functions 
of energy. 

Evaluation of the sweeping time. The sweeping time T 
(equation (1 )) depends on y, the fraction of particles surviving 
passage across the sweeping region A L of a satellite. We can 
obtain an estimate of y by using the flux profiles in Figure 4. If 
one extrapolates the rate of rise of flux as a function of L which 
is observed outside the satellite range of influence across the 
region of absorption, one obtains the flux which would have 
been present in the absence of the satellite. The ratio of the 
actual flux observed to the flux obtained in this manner is the 
value of y. Thus at Io, for example, we obtain y = 0.6 for the 
inbound pass and y = 0.4 for the outbound pass of the curve 
labeled C2 in Figure 4 (£ = 14 MeV). 

The extent of the sweeping region A L and the geometrical 
function A in (1) for the sweeping time are functions of mag- 
netic latitude and can be obtained as in the following example. 
At the orbit of Io (L = 6) the magnetic latitude of Pioneer 10 
was 6° for the inbound trajectory. From Figure 2 we deduce 
that in this case the sweeping region extends from L = 5.8 to L 
- 6.1, so that A L = 0.3. We also find from this figure that the 
average longitude range intersected by the sweeping corridor is 
A = 0.9 rad. 

We can now find the absorption time of electrons with £ = 
14 MeV at Io from (1). For the inbound pass we obtain T = 
3.8 X 10“ s. 

Evaluation of the diffusion coefficient. Except for (6) the 
expressions for the diffusion coefficient in section 2 require a 
knowledge of the phase space density r at constant first and 
second invariants. 

The fluxes in Figure 4 are those measured perpendicular to 
the local magnetic field vector, so that they correspond to 
particles which mirror at the magnetic latitude of the in- 
strument. At a given energy all particles with common mirror 
points have the same value of the second invariant. Therefore 
the second invariant is constant for a trajectory along the 
magnetic equator if one measures particles with 90° pitch 
angles. In fact, the Pioneer 10 trajectory was nearly equatorial 
with a maximum magnetic latitude excursion of 23°. Our 
criterion for conservation of the second invariant then reduces 



Mogro-Campero and Fillius: Jupiter's Radiation Belts 


1293 



Fig. 4. Counting rates of three electron detectors of the University of California at San Diego experiment for (a) the 
inbound trajectory and (6) the outbound trajectory of Pioneer 10. These are the counting rates measured perpendicular to 
the local magnetic field vector. The energy response of each detector is determined by its geometrical factor and the electron 
differential energy spectrum. Therefore the average energy of response varies with location in the Jovian magnetosphere 
(see Table I ). Approximate values for illustrative purposes are I, 10. and 23 MeV from top to bottom on both sides of the 
figure. The sweeping regions of lo and Curopa are indicated by dashed lines. 


to the use of the flux of particles perpendicular to the local 
magnetic field vector. 

We now discuss the procedure for obtaining the phase space 
density r at constant first invariant u- Mcllwain and Fillius 
[1975] have computed r for electrons at constant p at discrete 
points in the Jovian magnetosphere and for a wide range of 
values of p. We have used the results of their calculations to 
get values for the slope of the phase space density r (n = c(ln 
t)/SL) in the neighborhood of Europa. Their computations 
lack detail in the vicinity of lo, so for that case we devised the 
approximate method described below. 

Conservation of the first invariant #t for relativistic particles 
implies E , L 1 = const. The phase space density r at energy E is 
r = jlE)//?, where p is the particle momentum. Since p » E in 
the relativistic limit used here, r = j(E)/E *. As was shown 


above, because of the geometric factor of our detectors and for 
the differential energy spectra in consideration the major con- 
tribution to an integral energy measurement will be from 
particles within an energy window. The window thresholds 
will remain constant for a constant particle spectral index. For 
a window detector with energy thresholds £, and £ c the differ- 
ential particle flux at energy £» (£, < £, < £ e ) is given by j(E„) 
= [•/(£„)- J(E C ))/(E C - £„), where J is the integral particle flux 
above the energy specified (i.e.,y = dJ/dE). J{E,) — J(E r ) is the 
particle flux which the detector measures, so that the counting 
rate of the detector is proportional to j(E„). We now assume 
that the spectral index remains constant for a limited region in 
L space, namely, the sweeping region of lo. The energy £* is 
then a constant, and from conservation of n. Mo = £» 2 £o 5 * 
E*L 2 , where we arbitrarily choose L„. For a power law spec- 


TABLE 1. Values of the Diffusion Coefficient and Relevant Parameters for Trapped Electrons at Jupiter 


L 

Average 
Energy £, 
MeV 

Orbit* 

First 

Invariant 
M, MeV/G 

Electron Drift Sweeping 
Frequency, Region 
s" ±L 

y+ 

Slope of r 
(n = c>(ln 
t)/BL) 

Sweeping Time 
T From (1). s 

Diffusion Coefficient D, s*‘ 

From (4) 

From (6) 

6 (lo) 

14 

1 

10 4 

1.0 x to - 1 

0.3 

0.55 

1.8 

3.8 x IO 1 

5.9 x I0-* 

4.4 X 10-' 

6 (lo) 

14 

O 

I0 4 

1.0 X io- 1 

0.4 

0.38 

1.8 

7.1 x 10 s 

5.6 x I0-* 

3.1 X 10-' 

6<lo) 

0.9 

1 

90 

8.5 x 10-' 

0.3 

0.1 


7.8 X 10* 

2.9 x 10-* 


9.5 (Europa) 

10 

1 

2 X I0 4 

1.2 X 10* 1 

0.55 

>0.9 

0.16 

<1.1 X I0 1 

>6.9 X 10-’ 

>3.1 X IO” 

9.5 (Europa) 

0.7 

1 

300 

1.1 X IO' 4 

0.55 

0.03 

1.8 

2.0 x I0 4 

3.8 X IO"* 

1.5 x 10-' 

9.5 (Europa) 

0.7 

O 

300 

1.1 x io - 4 

0.25 

0.1 


1.2 X 10* 

1.3 x IO"* 



*1 indicates inbound, and O outbound. 
tFraction of particles surviving absorption. 
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trum, j(E)/j(E,) = (£,/£)*, and r at u = /io is r = j(E)E~* = 
£.V(£.)£-*-*, so that finally, we have 

i-O* = Mo) « j(£» )(£/£„ )* +1 “ (9) 

Since /(£») is proportional to the counting rate of the detec- 
tor, given the spectral index k , we can transform the measured 
flux profile of relativistic electrons into r at constant p. The 
result of this calculation for curve C2 of Figure 4 a in the 
vicinity of lo’s sweeping region is shown in Figure 5. The 
differential energy spectrum given by Mcllwain and Fillius 
[1975] for L = 6 was used (k = 2), and the choice L, = 6 
implies p, ~ 10 4 MeV/G. Our method is valid to the extent that 
our detectors can be considered as window detectors and the 
spectral index can be assumed as constant over this limited 
domain. The large-scale behavior of r in Figure 5 is in good 
agreement with the results of the precise treatment of Mcll- 
wain and Fillius [1975], whose values are shown for 
comparison in Figure 5, so that we believe that we have 
produced a reasonable approximation to r in the vicinity of 
lo’s sweeping region. 

We feel that the values of the slope n = 5(ln t)/8L which 
can be obtained from Figure 5 (e.g., n =« 2 in the sweeping 
region) are reliable but that second spatial derivatives cannot 
be trusted. Therefore our estimates of the diffusion coefficient 
in this paper make use of (4) and (6) of section 2, namely, D =« 
(SLf/dT and D =» AL/nT, where AL is the sweeping region of 
the satellite, T is the sweeping time, i.e., the time required for 



Fig. 5. The phase space density r at constant first invariant p 
(=10* MeV/G) as derived from the counting rate profile C2 of Figure 
4a. The overall positive slope of this curve indicates the net diffusive 
flow of particles toward the planet, as explained in section 2. The 
sweeping region of lo is based on the D2 magnetic field model ( Smith 
et at.. 1974]. The open circles are the values of r taken from Mcllwain 
and Fillius [1975], normalized at L = 6. A. 8. and C are solutions to 
the diffusion equation with a sink term due to particle absorption by 
lo: the solutions are normalized to the value of r at the outer edge of 
the sweeping region and correspond to values of the diffusion 
coefficient of 6.4 X 10'*, 1.6 X 10'*, and 4 X10*' s' 1 , respectively. 


the satellite to absorb an observed fraction x = 1 — y of 
particles, as given by (I ) and as evaluated above, and n is the 
spatial slope of the logarithm of the phase space density r, as 
defined above. The values of n and x are extracted from the 
data. The precision with which these parameters can be ob- 
tained leads to the overall estimate of accuracy of a factor of 2 
for the values of D as represented by (4) and (6). However, as 
was stated previously, (4) and (6) are only expected to give 
order of magnitude estimates of the diffusion coefficient. 

The values for the diffusion coefficient are shown in Table I. 
The two expressions that we have used for the diffusion 
coefficient arc different approximations to this quantity (see 
the derivations in section 2), and therefore it is not surprising 
that the values of D obtained by these two methods are not in 
agreement. A comparison of values of D obtained by the same 
equation for inbound and outbound passes is consistent within 
the uncertainty of a factor of 2, as can be seen for £ = 14 
MeV at lo and £ = 0.7 MeV at Europa. 

For the first case in Table 1 we have also obtained an 
estimate of D by solving (3) with sink term in the sweeping 
region of lo. The solutions are shown by dashed lines in Figure 

5 for different values of D. The boundary conditions used were 
the value and slope of r at the outer boundary of the sweeping 
region. The best fit value D = 1.6 X 10'* s' 1 (case B in Figure 
5) is higher than both estimates in Table 1. 

For the low-energy electrons at Europa the calculations 
based on the outbound pass are probably more reliable, since 
the sharp rise and fall of the flux profile on the inbound pass 
and the fact that the spacecraft was within ~25° of longitude 
from Europa as it crossed its orbit may be an indication of 
local effects near this satellite. No estimates of D based on the 
highest electron energies (curve Ml of Figure 4) have been 
given, because the energy response of the detector overlaps the 
resonance in the sweeping time (Figure 3) for both lo and 
Europa. This resonance surrounds the energy at which the 
electron drift frequency equals the satellite rotation frequency, 
leading to extremely large sweeping times. We believe that this 
is the reason for the lack of absorption at lo and Europa as 
shown in Figure 4. 

4. Discussion 

Knowledge of the diffusion coefficient is obviously impor- 
tant for an understanding of the trapped radiation belt. In 
addition, it provides us with a measure of the power spectrum 
of the electromagnetic fluctuations at the particle drift fre- 
quency. A determination of the spatial dependence of D may 
permit us to identify or narrow down the choice of the mecha- 
nism producing the disturbances which violate the third in- 
variant. For example, field line exchange driven by 
atmospheric-ionospheric winds seemed to be favored by 
pre-Pioneer 10 investigations [see Birmingham et al., 1974, and 
references therein]. For this process it is expected that D <*■ L 2 . 
However, D L' and L'° resulting from fluctuating 
convection electric fields and from magnetic pumping, respec- 
tively, are other possibilities, which appear to be dominant in 
the earth's case. 

With regard to the absolute value of the diffusion 
coefficient. Simpson et al. [1974] have obtained a value of D = 

6 X 10"' s' 1 at L = 6 from an analysis of the absorption of ~ I- 
MeV protons by lo. This value is consistent with our results, 
and we note that their proton energy implies a drift period 
comparable to that of our low-energy electrons. For — 10-McV 
electrons at lo, Simpson el al. [1974] deduce D =» 2 X I0~ T s' 1 
and D = 10'* s' l , depending on the method of analysis. These 
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values are also compatible with ours. Birmingham et al. [1974] 
obtained D =< 2 X 10** L 2 s'* from a consideration of synchro- 
tron radiation observed at earth. At L = 6 this gives D ^ 6 X 
I0"‘ s' 1 , and at L = 9.5, D =* 1 .5 x 10"’ s* 1 . These values are 
consistent with ours for the low energies for which they are 
applicable. 

In addition to obtaining the absolute value of D we may use 
Table I to look into the spatial and energy dependences of the 
diffusion coefficient. 

From the results presented in Table I we conclude that in 
general. D is a function of L and electron energy. Specifically, 
we can say that (I) the diffusion coefficient is an increasing 
function of energy at L ~ 9.5 (Europa), based on values at 0.7 
and 10 MeV, and (2) the diffusion coefficient increases with 
increasing L (for E - 10 MeV the values shown for L - 6 and 
L ~ 9.5 imply that if D L m , m £ 2). 

However, we note that at lo there is no evidence for an 
energy dependence of D over an energy range similar to that 
sampled at Europa. Therefore the spatial and energy depen- 
dences of the diffusion coefficient may not be separable; i.e., 
the spatial dependence may be a function of energy. 

The conclusions on spatial and energy dependences of the 
diffusion coefficient can also be verified from Figure 4 in a 
qualitative manner. First, we note that the sweeping regions 
and physical dimensions of lo and Europa are similar and that 
resonance effects leading to extremely large sweeping times 
apply only to curve Ml. We then conclude from the fact that 
curve C2 shows a much more pronounced absorption effect at 
lo than at Europa that the diffusion coefficient is larger at 
Europa. Similarly, the difference in absorption at Europa be- 
tween curves ET and C2 indicates that in this case the diffu- 
sion coefficient is an increasing function of energy. 

The diffusion coefficient for radial motion produced by fluc- 
tuating electric fields is proportional to the power spectrum of 
these fields evaluated at the particle drift frequency 
[. Falthammar , 1965]. In this case, from the values of the elec- 
tron drift frequency and the diffusion coefficient at Europa we 
deduce that the power spectrum of electric field fluctuations is 
larger at I0' 5 s"‘ than at 10*' s' 1 (see Table I). These drift 
frequencies are computed in the reference frame which coro- 
tates with Jupiter, but they are consistent with a power spec- 
trum peaking at zero frequency in an inertial frame ( Mogro- 
Campero el al.. 1975], as would be expected for electric fields 
associated with the upper atmosphere dynamo driven by neu- 
tral winds in the ionosphere [Brice and McDonough, 1973]. 

The best estimate of the net transport velocity of particles 
toward the planet can be obtained from the sweeping time T 
rather than from D. For example, at lo we find that for E = 14 


MeV the sweeping time is such that the net transport velocity 
is T/1L = 20 days Ry'V'It is interesting to note that the 
synchrotron radiation lifetime of electrons with m = 10* 
MeV/G is - 150 days at L = 2. 
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A study of the major changes in the solar wind during the Pioneer 10 and II encounters and their 
influence on the size of the Jovian magnetosphere is reported. Simultaneous sets of encounter data 
acquired by the Jet Propulsion Laboratory vector helium magnetometer, the Ames Research Center 
plasma analyzer, and the University of California at San Oiego trapped radiation detector have been 
compared with data acquired simultaneously in interplanetary space by the sister spacecraft. Of particular 
interest were four intervals during which it appeared that the spacecraft had reentered the magnetosheath 
near 50 Rj after having first entered the magnetosphere near 100 R 4 The principal outcome of the study is 
that in three of these cases the reentries into the magnetosheath occurred when high-speed solar wind 
streams and their associated interaction regions were expected to arrive at Jupiter. Thus the study 
supports the hypothesis advanced previously that the Jovian magnetosphere had undergone a large-scale 
compression. The results are contrary to an alternative hypothesis that the Pioneers had traversed a 
spatial region located inside the magnetosphere possibly associated with plasma outflow. The fourth case, 
which was observed by Pioneer II outbound, appears to have occurred during quiet interplanetary 
conditions. However, a detailed reinvestigation of magnetic field and plasma data during this interval 
shows that the spacecraft had reentered the magnetosheath and not a region interior to the magneto- 
sphere. The reentry into the magnetosheath and the subsequent return to the magnetosphere were 
separated by an interval of 10 hours and would have been expected to occur when the spacecraft was at its 
highest magnetic latitude. It is concluded, tentatively, that this reentry was the result of a large-scale 
north-south motion intrinsic to the Jovian magnetosphere. The question of whether or not the magnetic 
field just inside the magnetopause is sulliciently strong to withstand the pressure of the incident solar wind 
has been reexamined within the context of this present study. The field appears able to hold otf the solar 
wind both at 100 Rj and near 50 Rj. The compressibility of the Jovian magnetosphere is enhanced because 
the field inside the magnetopause is not the planetary field but is principally caused by currents inside the 
magnetosphere, presumably the equatorial current sheet. The possible acceleration of energetic trapped 
radiation when the magnetosphere was compressed has been investigated. Comparison of the increased 
particle fluxes and the magnetic field shows that gyrobetatron acceleration can be discounted. Based on 
the measured time difference between the particle enhancement and the arrival of the magnetopause at the 
spacecraft, an estimate is derived for the average plasma density inside the magnetosphere of I- 10 cm *. 
Finally, the characteristic time constants appropriate to an electric circuit model of Jupiter's magneto- 
sphere have been estimated as being in the range between 15 and 50 hours. 


Introduction 

Both Pioneer 10 and Pioneer 1 1 first encountered the mag- 
netosphere of Jupiter at nearly 100 planetary radii (96 and 97 
/?,. respectively). During both encounters, field and particle 
observations showed that the two spacecraft subsequently re- 
turned to a region like that just outside the magnetosphere but 
at a Jovicentric distance of only ^50 Rj [Wolfe et at.. 1974a; 
Smith el at.. 1974a, 1975: Mihalov el at.. 1975], The observa- 
tions were interpreted as a large-scale compression of Jupiter's 
magnetosphere presumably caused by a temporal changc in 
the character of the solar wind. The compression of the mdg- 
netosphere by a factor of nearly 2, observed during both 
encounters, was further interpreted as evidence that Jupiter's 
magnetosphere is much more readily compressed than that of 
the earth. Compression of the earth's magnetosphere from its 
normal locution of 10 to only 5 R t has been found to occur 
only on rare occasions [e.g., Opp. 1968; Cahill and Skilhnan. 
1973], 

The question has persisted, however, of whether the obser- 

Copyright © 1978 by the American Geophysical Union. 

Paper number 8A0455. 

I) 1 4X-0227 '7X t\ 08 A-0455S 1 .00 


vations actually represented a temporal change or were evi- 
dence of a spatial region, somewhat like the magnetosheath, 
located inside the magnetosphere. To some extent, this chal- 
lenge has come from theorists who favor so-called plasma 
outflow models of Jupiter's magnetosphere. Outflow models 
have been proposed, for example, by Michel and Slurrock 
[1974], Hill et al. [1974], and Kennel and Coroniti [1975], 
According to such models, regions would exist inside the mag- 
netosphere within which centrifugal forces, associated with 
Jupiter's large scale and rapid rotation, overwhelm the re- 
straining effect of the planetary magnetic field with the produc- 
tion of internal convective flows and possibly even some form 
of internal shock. 

One test of these alternative hypotheses, temporal change or 
spatial variation, is to investigate changes in the solar wind in 
the vicinity of Jupiter during intervals in which the magneto- 
sphere was supposedly compressed. Fortunately, during each 
encounter, simultaneous measurements in interplanetary space 
are available from the sister spacecraft. While Pioneer 10 was 
inside Jupiter's magnetosphere, Pioneer 1 1 was nearly radially 
aligned with Jupiter and at a heliocentric distance of 2.9 AU. 
During the Pioneer II encounter, Pioneer 10 was in inter- 
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Fig. I Geometry of the observations during the Pioneer 10 and II encounters. During the Pioneer 10 encounter, 
Pioneer 1 1 was making interplanetary measurements upstream or Jupiter at 2.9 A U and was nearly radially aligned with the 
sun and Pioneer 10 (the longitude separation was only 1.4“ ). During the Pioneer 1 1 encounter. Pioneer 10 was beyond the 
orbit of Jupiter at 6.2 AU. and the radii from the sun to Pioneer 10 and Jupiter were separated in longitude by 12.9° 


planetary space beyond the orbit of Jupiter at a distance of 6.2 
AU. We have compared these simultaneous sets of inter- 
planetary and planetary data, with a view to identifying major 
changes in the solar wind and their possible influence on the 
Jovian magnetosphere. 

Observations 

The locations of the spacecraft at the times of the encounters 
are shown in Figure I . Although simultaneous measurements 
are available at Jupiter and in interplanetary space, a time 
delay must be introduced to allow the solar wind that reaches 
one spacecraft from a given solar longitude to arrive at the 
other. This delay consists of two parts, one a consequence of 
the longitude separation of the two spacecraft and the other 
the result of their radial separation. The latter depends on the 
radial velocity of propagation of a specific solar wind feature. 
If a spread of velocities typical of the soiar wind is assumed 
and the locations of the spacecraft are known, it is possible to 
compute characteristic time delays. Thus for constant solar 
wind speeds between 400 and 600 km/s the delays between the 
limes of arrival of an interplanetary structure at Pioneer 1 1 
and at Pioneer 10 or Jupiter would have been T,,, - T u = 9.6 
and 6.4 days, respectively. The corresponding delays during 
the Pioneer II encounter, computed for the same two veloci- 
ties, are T, 0 - 7",, = 6.2 and 4.4 days. 

In conducting this investigation we have benefited from the 
advantage of having already analyzed a substantial quantity of 
interplanetary data from Pioneer 10 and 1 1. Such studies have 
shown that the interplanetary medium beyond I AU can be 
classified into two distinct types of regions [Smith and Wolfe. 
1976, 1977], One region is disturbed and is characterized by 
enhancements in the magnitude of the magnetic field 6, the 
plasma density n and temperature T , and the level of irregular- 
ity. Such regions occur in portions of high-speed solar wind 
streams that earlier contained a positive velocity gradient (in- 
creasing speed). The regions are sharply bounded, often with a 
lorward shock at the leading edge and a reverse shock at the 
trailing edge, and are evidently the consequence of the inter- 
action of fast solar wind with slower moving plasma preceding 
it. Within the interaction region the convective energy of the 
solar wind stream is converted into internal energy, partly in 


the form of enhanced plasma and magnetic field pressure (flV 
Sir + nkT). The disturbed interaction regions alternate with 
quiet regions within which the solar wind velocity is mono- 
tonically decreasing and in which the field strength, density, 
and temperature are low. 

The principal features at the encounter and in interplanetary 
space are summarized in Figures 2 and 3. The upper halves of 
the figures contain logarithmic plots of magnetic field and 
energetic particle data prior to, during, and following each 
encounter. The various regions surrounding Jupiter have pre- 
viously been identified on the basis of high-resolution particle, 
magnetic field, and plasma data. The times when the space- 
craft were thought to be inside Jupiter's magnetosphere are 
shown as shaded columns. At other times the spacecraft were 
in either the Jovian magnetosheath or interplanetary space. 
These designations are consistent with previous publications in 
which the details have been presented and described [Wolfe et 
at.. 19746; Smith et al.. 19746, 1976; Intriligator and WolJ'e, 
1976). 

The lower halves of Figures 2 and 3 contain the simultane- 
ous interplanetary data from the sister spacecraft. Two inter- 
planetary parameters were selected as being representative of 
interplanetary structure, the magnetic field magnitude, which 
is plotted logarithmically, and the convective plasma pressure 
P c = nmV*. There is an obvious correspondence between these 
two parameters, as can readily be seen in the figures, so that 
they basically identify the same structures. The interaction 
regions discussed above are evident as distinct regions in which 
both parameters are enhanced by factors of 3-10 in com- 
parison to those of the adjacent quiet regions. 

An additional feature of the interplanetary magnetic field 
that is useful in identifying corresponding features at two 
widely separated locations is the field polarity or magnetic 
sector structure. The polarity of the interplanetary field is 
shown at both locations with the exception of intervals when 
the encounter spacecraft was inside the Jovian magnetosphere. 
A characteristic feature that may be noted is the tendency for 
the sector boundaries to occur in the vicinity of peaks in the 
field magnitude and the pressure. 

The time scales in the upper* and lower halves of these 
figures have been, displaced to accommodate the corotation 
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and radial delays. It was found adequate, for this study, to use 
an average displacement of the data from one spacecraft rela- 
tive to data from the other so that corresponding interaction 
rcgiuns were aligned. In doing this a reasonable velocity of 
propagation and a reasonable time delay were assumed in 
order to exclude some alignments which were possible but 
highly improbable. It can be seen that the pattern of inter- 
action regions, as well as the magnetic sector structure, agrees 
at both locations and for both encounters. 

The major features of the data in Figures 2 and 3 will now be 
discussed in some detail. The upper two panels containing 
encounter data are hatched when Pioneer was inside the mag- 
netosphere. The entire encounter extending between the first 
and the last bow shock crossing is identified as the interval 
between the two vertical lines. The two ‘white’ intervals within 
the hatching are those within which the spacecraft ’returned to 
the magnetosheath.’ 

One of the principal features of the energetic particle data 
[Fillius and Mcthvain. 1974] is the high count rates inside the 
magnetosphere. The particle data shown are from channel Cl 
of the University of California at San Diego Cerenkov coun- 
ter. In interplanetary space this detector responds mainly to 
cosmic ray nucleons with energies of >500 MeV. Inside the 
magnetosphere, its response is dominated by electrons with 
energies of >6 MeV. The count rates are substantially larger 
inside than outside the magnetosphere and rise to very large 
values near periapsis. 

A periodicity of approximately 10 hours is noticeable both 
inbound and outbound. Outside the magnetosphere and bow 
shock, bursts of energetic electrons can be seen. These are 
electrons that escape from the Jovian magnetosphere and 
propagate back along the interplanetary field into the inner 
solar system [Chenette et at.. 1974: Teegarden et at.. 1974], 
Within the white intervals there is a precipitous drop of the 
count rates to near-interplanetary values. 

The principal features of the magnetic field magnitude ap- 
pear in the panel just below the energetic particle data. The 
white intervals during which Pioneer reentered the magneto- 
sheath do not correspond to any very obvious changes in the 
field magnitude. The crossing of the magnetopause and evi- 
dence from the field data that the observations were again 
being made in the magnetosheath are based on other proper- 
ties, such as the field direction and the character of the super- 
posed irregularities, and on higher time resolutions. In particu- 
lar. the field magnitude in the magnetosheath is comparable to 
its value inside the magnetosphere. In the past we have inter- 
preted this approximate equality as evidence that the magneto- 
sheath was disturbed, as would be anticipated if the magneto- 
sphere were compressed by enhanced solar wind pressure and 
stronger-than-average fields. Evidence in support of this pre- 
sumption will be presented below, where it will be shown that 
large interplanetary fields were expected in the vicinity of 
Jupiter during these intervals. . 

A periodicity associated with the rotation of Jupiter is evi- 
dent in B, although not as noticeably as in the energetic 
particle data. In Figure 2 the irregular appearance of B be- 
tween the last outbound magnetopause crossing and the last 
bow shock crossing is the result of numerous crossings of the 
boTv shock as Pioneer 10 exited along the predawn flank of the 
magnetosphere. Two enhanced field regions are apparent be- 
fore and after the Pioneer 10 encounter (designated regions a 
and d, respectively). These enhancements are a characteristic 
feature of the solar wind interaction regions that corotate with 


the sun, called corotating interaction regions (CIR’s), that are 
discussed in the second paragraph above. 

In Figure 2 the magnitude of the interplanetary field at 
Pioneer 1 1 is dominated by the large increases associated with 
Cl R’s. There are basically four such regions (designated a. b, e, 
and d), although the first region may actually be superposed 
on a smaller preceding CIR. In each case the interaction 
regions begin and end abruptly. Typically, they are enclosed 
within a forward shock and a reverse shock that are readily 
identifiable in both the field and the plasma data. The CIR’s 
alternate with quiet regions within which the average magni- 
tude is 0.7 7 , the value anticipated at 5 AU from a simple 
extrapolation of a 5-7 field at I AU. if the Parker spiral field 
model [Parker. 1963] is assumed. 

The Pioneer 1 1 panel in Figure 2 shows that the convective 
pressure is dominated by the same CIR's that are visible in B. 
During the intervening quiet intervals the pressure is typically 

10 X I0 '" 1 dyn/cm 2 . If an average solar wind pressure at I AU 
of nMV* = 5 X 2 X I0-” X (360 X 10*)* = 130 X 10 '° dyn/ 
cm* is assumed, the pressure to be expected in the vicinity of 
Pioneer 1 1 is 1 30 X 10" 10 /2.9* = 1 5 X I O' 10 dyn/cm 2 . Thus the 
observed pressure is approximately two thirds of the extrapo- 
lated pressure. 

Similarly, Figure 3 shows that the pressure in the quiet 
regions at Pioneer 10 is typically 10 ' 11 dyn/cm 2 . This value is 
approximately one third of the value obtained from extrapo- 
lating the average solar wind to Pioneer 10. for which P, = 130 
X 10"V6.2 2 = 3.4 X 10 ' 10 dyn/cm 2 . 

The tendency for the pressure within the quiet regions to be 
less than that anticipated at large distances can be explained as 
a consequence of the rarefaction that occurs within the quiet 
regions. Evidently, the number density and hence the pressure 
fall off more rapidly than r 2 as the plasma expands in such 
regions, which are characterized by a negative speed gradient 
(decreasing velocity). 

There is an excellent correlation between the signatures of 
the CIR’s in the plasma and field data. Within the interaction 
regions the convected pressure is increased by about an order 
of magnitude. Although the solar wind velocity remains high 
within the quiet region, the density is typically very low, so 
that large pressure is confined to the interaction regions. 

The principal correlation between the interplanetary and the 
encounter data involves the CIR’s. The two interaction regions 
(a and d) that were observed at Pioneer 10 prior to and 
following the encounter can also be seen in the Pioneer 1 1 
data. In particular, the ‘double-step’ structure associated with 
the first CIR is evident al both locations. These correlations 
are part of a much longer sequence of correlated interaction 
regions extending over a period of 1.5 years following the 
Pioneer 1 1 launch [Smith and Wolfe, 1976]. Thus there is no 
ambiguity in the identification of corresponding interaction 
regions. 

The main feature to be noted is the correspondence between 
the white columns within the hatching and the intervals in 
which CIR's b and c would be expected to have arrived at 
Jupiter. The arrival of the interaction regions at Jupiter was 
coincident with the return of Pioneer to the magnetosheath 
both inbound and outbound. Thus the Pioneer 10 and II 
correlation supports the hypothesis that the Jovian magnet- 
osphere was compressed by regions of enhanced solar wind 
pressure. 

Figure 3. which contains data acquired during the Pioneer 

1 1 encounter, follows the same format as Figure 2. All of the 
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Fig. 2. Planetary and interplanetary observations during the Pioneer 10 encounter. The upper three panels contain the 
Pioneer 10 energetic particle flux, magnetic field magnitude, and interplanetary field polarity. The three lower panels con- 
tain Pioneer 1 1 observations of the magnetic field polarity and magnitude and the solar wind pressure. Details associated 
with the figure are described in the text. 


comments made above regarding the energetic electrons also 
apply to the Pioneer 1 1 encounter high count rates inside the 
magnetosphere rising to a large peak near periapsis. a perio- 
dicity associated with the rotation of Jupiter, and bursts of 
mugnetospheric electrons in the magnetosheath and inter- 
planetary space. 

The magnetic field data show the arrival of a CIR (desig- 
nated e) in the interval prior to encounter (days 320-328). This 
interaction region contained a sector boundary that was seen 
both at Pioneer 1 1 near Jupiter and at Pioneer 10. Elsewhere in 
interplanetary space the Pioneer 1 1 data show a relatively low 
field magnitude (<l 7 ) characteristic of quiet intervals. 

The magnetic field measurements at Pioneer 10 show that 
two CIR's were observed in interplanetary space within this 
34-day interval. The CIR mentioned above (e) was also ob- 


served at Pioneer 10. The Pioneer 10 data have been displaced 
in time by approximately 5 days corresponding to a solar wind 
speed of 400 km/s. Following a quiet interval of only 2 days a 
second interaction region (f) was observed at Pioneer 10 , This 
interaction region would have arrived at Jupiter at about day 
330. 

The convected solar wind pressure again shows a good 
correlation with the field magnitude. Two distinct increases 
from the background level of P, => 10'"’ dyn/cm 3 coincide 
with interaction regions e and f in the field data. The Pioneer 
10 interval from days 343 to 353 is devoid of activity and 
appears to be a prolonged quiet region. 

The second CIR (/) visible in the Pioneer 10 data coincides 
nicely with the apparent compression of Jupiter’s magnet- 
osphere as recorded in the Pioneer 1 1 data (the CIR is corre- 
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lated with the white column). During this 2.5-day interval. 
Pioneer 1 1 exited from the magnetosphere into the magneto- 
sheath, was crossed by the bow shock to reenter interplanetary 
space, and then recrossed the shock and passed through the 
magnetosheath back into the magnetosphere. 

Additional support for the interpretation that the compres- 
sion coincides with the CIR is provided by the relatively large 
field magnitude in interplanetary space between the second 
and the third bow shock crossing, which can be seen to be 
comparable to the large field magnitudes within the preceding 
interaction region (e). Furthermore, a sector boundary was 
observed at Pioneer 1 0 within the Cl R. A sector boundary was 
also observed at Pioneer 1 1 during the relatively short interval 
when the spacecraft was in interplanetary space. As Figure 3 
shows, the time delay between the arrivals of the sector bound- 
ary at Pioneer II and Pioneer 10 strongly suggests that the 
same feature was being observed at both locations. 

On the other hand, a striking feature of the two middle 
panels in Figure 3 is the absence of a Cl R corresponding to the 
interval when Pioneer 1 1 reentered the magnetosheath out- 
bound on day 340 (the second white column inside the hatch- 
ing). There is no evidence for a CIR at Pioneer 10 in either the 
field or the plasma data. This observation is in contrast to the 
two encounter intervals in Pioneer 1 0 and the inbound Pioneer 
1 1 interval, which were all correlated with the presence of a 
CIR in the immediate vicinity of Jupiter. It is interesting to 
note that the two Pioneer 10 compressions and the inbound 
Pioneer 1 1 compression are correlated with sector boundaries 
( — +-. and +-. respectively) and that no sector boundary 
is associated with this anomalous Pioneer 1 1 magnetopause 
crossing. 

Discussion 

Variations in Magnetopause Location 

The principal outcome of this study has been that three out 
of four cases in which the Pioneers reentered the magneto- 
sheath were the resuit of time variations associated with 
changing interplanetary conditions. The Pioneer 10 reentries 
inbound and outbound and the Pioneer II entry inbound all 
occurred when high-speed solar wind streams and their associ- 
ated interaction regions were expected to arrive at Jupiter. 
Thus in three fourths of the possible cases under consideration 
the evidence is clearly opposed to the hypothesis that the 
Pioneers had encountered unusual spatial regions inside the 
magnetosphere This study also supports the previous assertion 
that the Jovian magnetosphere is much more compressible 
than the terrestrial magnetosphere. 

The absence of any evidence that the fourth Pioneer II 
outbound reentry was correlated with changing solar wind 
conditions prompted us to reconsider these data very carefully. 
We seriously considered the possibility that Pioneer 1 1 had 
traversed a region interior to the magnetosphere and reexam- 
ined the available data to determine whether or not the magne- 
topause was crossed twice and whether the intervening region 
was actually the magnetosheath. Fortunately, the Pioneer data 
produced seven other bona fide magnetopause crossings on the 
dayside and six other examples of data acquired inside the 
Jovian magnetosheath. We carefully compared the Pioneer 1 1 
data outbound (Figure 4) with these earlier examples. 

There is very little doubt that on this occasion also. Pioneer 
1 1 did penetrate the magnetopause, spend time in the magne- 
tosheath. and then reenter the magnetosphere. Both of the 
magnetopause crossings appear typical in every respect. The 


field on the innerside of the crossing is principally southward. 
There is an abrupt decrease in field strength from inside to 
outside, and the direction of the normal to the discontinuity is 
consistent with the direction expected for the magnetopause 
normal. The data in the intervening interval between the two 
crossings have the polarity and the direction anticipated for an 
interplanetary field that is draped around the magnetosphere. 
Finally, one of the strongest pieces of evidence favoring reen- 
try into the magnetosheath is provided by the observation in 
this interval of the large-amplitude compressional pulses that 
have been found to be a characteristic feature of the Jovian 
magnetosheath [Smith et at.. 1975]. As a corollary, we con- 
clude that this set of observations cannot be considered to be 
representative of some region interior to the magnetosphere. 

In view of the foregoing, the question which we considered 
next was: Why. in this instance, did Pioneer 1 1 cross the 
magnetopause so close to Jupiter? 

One possibility is that the solar wind stream or interaction 
region was actually in the vicinity of Jupiter but was missing 
from the ‘simultaneous' solar wind data at Pioneer 10. In 
support of this hypothesis it should be recognized that the 
geometries of the Pioneer 10-Pioneer 1 1 match-ups were sig- 
nificantly different for the two encounters (see Figure I). At 
the time of the Pioneer 10 encounter the two spacecraft were 
nearly radially aligned, a condition that is very favorable for 
comparing observations separated by the relatively large dis- 
tance of =>2 AU. The only correction that needed to be made 
was a time delay associated with the radial propagation of the 
solar wind from Pioneer II to Pioneer 10. The situation was 
more complicated during the Pioneer 1 1 encounter, for which 
the largest part of the delay was associated with the difference 
in the heliographic longitude of the tw o spacecraft. In particu- 
lar. it is difficult to exclude the possibility of significant time 
variations at the solar source during the interval that it rotated 
from the longitude of Pioneer 1 1 and Jupiter to the longitude 
of Pioneer 10. 

Although this hypothesis cannot be completely ruled out, it 
is rendered rather unlikely by the observation of numerous 
interaction regions at both spacecraft, both before and after 
the Pioneer 1 1 encounter. In general, the 2- or 3-year interval 
encompassing the Pioneer 1 1 encounter was one in which the 
interplanetary conditions were dominated by a few very stable 
solar wind streams which reoccurred for many successive solar 
rotations. 

Another possibility is that the Pioneer II crossing was the 
result of large-scale motions intrinsic to the Jovian magneto- 
sphere. It has been suggested, for instance, that the disclike 
character of the magnetosphere might lead to fluting motions 
or to an up and down flapping of the magnetosphere (e g.. Hill 
et at.. I974|. Since the Pioneer encounters, it has been recog- 
nized that the magnetodisc concept applies to the shape of the 
field lines and trapped radiation contours inside the magneto- 
sphere near the equatorial plane and not to the shape of the 
magnetosphere as a whole. Nevertheless, the possibility exists 
that a systematic motion of the magnet odisc might be commu- 
nicated to the rest of the magnetosphere causing it also to 
oscillate up and down. 

Evidence that the two innermost magnetopause crossings 
seen outbound on Pioneer 1 1 might be associated with an 
intrinsic magnetospheric motion is provided by the intervals at 
which they occurred. The times of the three successive magne- 
topause crossings are 0850 and 1830 on day 340 and 0130 on 
day 342. It is seen that the interval from the first to the second 
crossing is approximately 10 hours, the rotation period of 
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t ig. 3. Planetary and interplanetary observations during the Pioneer 1 1 encounter. The formal is the same as that in 
Figure 2. The text contains a description of the details. 


Jupiter, and that the interval from the second to the third 
crossing is 32 hours, which is also nearly a multiple of 10. 

Prior to the first outbound magnetopause crossing, a defi- 
nite periodicity of 10 hours is evident in both the field and the 
energetic particle data. In particular, the behavior of the mag- 
netic field direction is consistent with the changing magnetic 
latitude of the spacecraft that would be expected as Jupiter's 
magnetic dipole rotated. It should be recalled that the out- 
bound Pioneer 1 1 pass was at a relatively high Jovigraphic 
latitude of 32° in contrast to the other three Pioneer passes, 
which were all nearly equatorial. If the 10° tilt of the dipole is 
taken into account, the magnetic latitude of the spacecraft 
would be expected to vary between 22° and 42° with a period 
of 10 hours. 


It is interesting and suggestive that the first magnetopause 
crossing occurred when Pioneer 1 1 was expected to be at its 
highest latitude. However, some hours before the crossing the 
direction of the field was much more southward than it had 
been observed to he previously even when Pioneer was at its 
lowest magnetic latitude. Ihe spacecraft also reentered the 
magnetosphere again w hen it was expected to be at a high, 
rather than a low, latitude. 

This pattern is as though the magnetosphere had first been 
deflected northward and then, when the spacecraft was north, 
was dcllected southward, the southward deflection causing 
Pioneer to exit from the magnetosphere. The reentry could 
have been the consequence of the recovery of the magneto- 
sphere toward its neutral positron during the next northward 
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Fig. 4. Magnetic measurements in the vicinity of the magneto- 
pause. The field magnitude ( B ). longitude (<#), and latitude (3) are 
shown near the first of two magnetopause crossings as Pioneer 1 1 was 
outbound along the postencounter trajectory. The coordinate system 
in which ihe data are displayed has one axis (*) directed toward the 
sun and an orthogonal axis <Z) lying in the plane formed by X and the 
rotation axis of Jupiter and pointing northward. The third axis !F) 
completes the orthogonal, right-handed system. Vertical lines show 
the magnetopause location as identified in both the plasma and the 
magnetic field data. 


cycle. If the magnetosphere were then to be deflected north- 
ward for essentially two successive rotations, the spacecraft 
would not have been able to leave the magnetosphere even 3t 
its highest magnetic latitude. Another deflection of the mag- 
netosphere southward in the next interval could then account 
for the third penetration of the magnetosphere. By the time the 
magnetosphere would have been deflected northward again, 
the radial distance of the Pioneer would have reached 100 Rj. 
and the spacecraft would have permanently escaped the mag- 
netosphere. 

Thus by invoking an asynchronism between two sinusoidal 
motions, one associated with the period of rotation of Jupiter 
and the other with a longer period associated with a north- 
south deflection of the magnetosphere, it appears possible to 
account for the observed pattern of the magnetopause cross- 
ings. 

Although the above hypothesis is not well established, it 
merits serious consideration. It is a plausible explanation that 
is qualitatively consistent with the apparent periodicity of the 
magnetopause crossings. The latter we consider to he good 
evidence that a temporal variation of some sort intrinsic to the 
Jovian magnetosphere is responsible for the anomalous mag- 
netosheath observations in. the outbound Pioneer II data. 

Although we are thus able to account for all four anomalous 
magnetosheath reentries in terms of time variations, this result 
does not necessarily imply that the outflow model, with its 
distinct spatial regions, is definitely ruled out. Recently, Com- 
mit and Kennel [1977] proposed a scenario that combines an 
outflow model with time variations of the kind being consid- 
ered here and that places the two spacecraft at precisely the 


improper locations to observe outflow effects. Their hypothe- 
sis is that outflow was occurring when the magnetosphere was 
most distended, e.g.. when Pioneer 10 was inbound after the 
first magnetopause crossing. It is further proposed that the 
spacecraft would have entered the outflow region nearer to 
Jupiter but that before that could happen the enhanced solar 
wind pressure reduced the size of the magnetosphere and 
temporarily stopped the outflow. The magnetosphere was in 
this latter state when the spacecraft passed through it and 
proceeded into periapsis. This sequence would have to be 
: repeated outbound on Pioneer 10 and inbound on Pioneer II. 
In fairness to the model, however, it is not necessary to appeal 
to this sequence of happenings to explain the lack of observa- 
tion of a distinctive outflow region on Pioneer II outbound. 
Presumably, the outflow occurs predominately near the equa- 
torial region and may be absent at higher latitudes. The Coro- 
niti and Kennel suggestion appears to be a plausible hypothe- 
sis that cannot be ruled out on the basis of the available data. 

Pressure Balance al the Magnetopause 

It having been established that the changes in the solar wind 
pressure alter the location of the magnetopause, it is possible 
to study the following question: Is the magnetic field strength 
just inside the magnetopause sufficient to withstand the in- 
cident pressure of the solar wind? A related issue is whether or 
not additional pressure associated with magnetospheric 
plasma is required to hold ofT the solar wind. This question has 
been investigated in earlier studies of specific magnetopause 
crossings [Wolfe et at.. 19746; Intriligaior and Wolfe. 1976]. 
However, the observation of a massive shift in the position of 
the magnetopause coincident with the large increase in the 
solar wind pressure makes it possible to reconsider this ques- 
tion. The answer is likely to have important implications for 
the nature of the Jovian magnetosphere under quiet and dis- 
turbed interplanetary conditions. 

An accurate assessment of the pressure balance across the 
magnetopause must include the effect on the solar wind as it 
passes through the bow shock and the location at which the 
observations were made with respect to the Jupiter-sun direc- 
tion. If one ignores these important factors, it might be con- 
cluded that the magnetic pressure is inadequate to withstand 
the solar wind. For example, the convected pressure of the 
solar wind at Jupiter during quiet conditions, based solely on 
an r ’ decrease in density, is P e =* 5 X 10 10 dyn/cmf The 
equivalent magnetic pressure B*/ 8ir implies B = 12 y. whereas 
the field just inside the magnetopause at 100 Rj is typically 5 y. 
a factor which is 2.4 times too small in field strength and 6 
times too small in pressure. It must be recognized, however, 
that the shocked solar wind exerts a pressure on the magneto- 
sphere that is less than the convective pressure of the solar 
wind in interplanetary space. Passage through the shock may 
lead to a modest decrease in convective pressure, and more 
important, it leads to a substantial deflection of the flow 
around the magnetosphere, so that the plasma is not generally 
incident on the magnetopause from the normal direction. Both 
the Pioneer 10 and the Pioneer 1 1 data showed a large deflec- 
tion of the solar wind flow in the magnetosheath. It is therefore 
necessary to use some means to estimate the pressure exerted 
inward at the point of observation which, in the case of the two 
inbound Pioneer passes, was at an angle f with respect to the 
sun-Jupiter direction of 45°. 

We have adopted an approach based on scaling the mag- 
netic held pressure observed at the corresponding point of 
observation just inside the terrestrial magnetopause. The 
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earth’s magnetosphere can be considered to be the proton pe 
of a model in which magnetic field pressure compensates the 
solar wind pressure. Al a sun-earth observation angle of i = 
45° a typical observed value at the magnetopause during quiet 
intervals is 35 y ( Mead and Fairfield. 1 975J. This value may be 
compared with the corresponding field strength at the nose of 
the magnetopause (p = 0) of 55 y. 

In support of the comment made in the paragraph above, it 
may be noted that a 55-y field is equivalent to a magnetic 
pressure of 120 X I0' 10 dyn/cm 3 , which may be compared 
with a quiet solar wind pressure at I AU of P r = 5 X 2 X 10'” 
x (3.6 x 10’)* = 130 X 10*'° dyn/cm 3 . Thus at the earth the 
magnetic pressure at p = 45° is 2.5 times smaller than the 
pressure of the unshocked solar wind at perpendicular in- 
cidence at the subsolar point. 

The measured solar wind pressures at Pioneer 1 1 and Pio- 
neer 10, when they are extrapolated to Jupiter, yieid values of 
10 X 10 l °/(5/2.9) 3 = 3.4 X IO-‘°and 10" l V(5/6.2)* = 1.5 x 
10 10 dyn/cm 3 . respectively. If. as is expected, the pressure 
within quiet regions falls off faster than r * 3 . the Pioneer 1 1 
value will tend to be too high, and the Pioneer 10 value will 
tend to be too low. It therefore seems likely that the quiet 
pressure at Jupiter was somewhere between 1.5 and 3.4 X 10*'° 
dyn/cm 3 . 

The magnetopause field strength that would be expected at 

= 45°, (8r/72.5) 1/3 , is then either 3.9 or 5.8 y, correspond- 
ing to the two extrapolated pressures above. This calculated 
value compares well with the observed value of =<5 y, espe- 
cially if, as was noted above, the actual pressure is inter- 
mediate to the two extrapolated pressures. This result can be 
taken to imply that negligible pressure must be supplied by 
magnetospheric plasma or that 0, the ratio of the plasma to 
magnetic pressure, was much less than I. Therefore the mag- 
netic field strength at the Jovian magnetopause is sufficient to 
balance the pressure of the magnetosheath plasma during 
quiet solar wind conditions. 

The same type of calculations may be applied to the Jovian 
magnetosphere when it is compressed. Figures 2 and 3 suggest 
that the average value of the pressure associated with the 
interaction regions is increased over quiet values by a factor of 
=6. If the shape of the magnetosphere is assumed to be un- 
changed by compression, the magnetopause field at p = 45° 
would then be expected to be 5 x (6) l/3 = 12 y. This value is 
reasonably close to the values of 15 and 17 y that were ob- 
served when the magnetosphere was compressed to 54 and 47 
Rj. respectively. Thus in this instance also there appears to be 
very little doubt that the interior field was able to balance the 
pressure of the shocked solar wind. In the above calculations 
we have ignored the pressure exerted by the magnetic field and 
the high-temperature plasma external to the magnetopause. 
The observed changes in field magnitude across the Jovian 
magnetopause show this to be a reasonable assumption. 

It is interesting to note that when the magnetosphere is at its 
greatest extent, most of the field inside the magnetopause must 
be derived not from the planetary field but from currents 
within the magnetosphere. The dipole field al l(X) R., is only 
0.4 7, and if the field just inside the magnetopause is approxi- 
mately double its value in the absence of confinement, the 
most it could contribute to the observed field of 5 7 would be I 
7. A likely source of the major component of the field inside 
the magnetopause is the equatorial current sheet that is a 
characteristic feature of the middle magnetosphere. 

When the magnetosphere is compressed, the contribution of 
the dipole field to the field at the magnetopause becomes 


increasingly significant. Thus near 50 Rj the strength of the 
dipole field is 3.2 7, which confinement will increase to 6.4 7. 
Thus the dipole field now contributes over 40% of the total 
field. 

A comparison of the magnetopause field strengths at the 
various locations (48, 54, 65. 95, 96, and 97 Rj) shows that the 
field magnitude varies with radial distance approximately as 
r'“. This dependence, which is approximately r~ 7 and sug- 
gests that a relatively constant amount of magnetic flux is 
being compressed, helps explain why the Jovian magnet- 
osphere is compressed more readily than the earth’s magnet- 
osphere. Thus an increase in the solar wind pressure by a 
factor of 6 will cause the Jovian magnetopause to move inward 
by a factor of 1.64, e.g., from 100 to 61 Rj. Since a dipole field 
varies as /•'*. the radial distance to the terrestrial magneto- 
pause varies as P r l ‘*. Thus the terrestrial magnetosphere under 
the same circumstances would be compressed by a lesser factor 
of 1.35, e.g., from 10 to 7.4 R K . Alternatively, the pressure 
ratio needed to decrease the size of the magnetosphere by a 
factor of 2 at Jupiter is 12, while at the earth the ratio is 64. 
The compressibility of the Jovian magnetosphere may also be 
enhanced if the current sheet that is responsible for the domi- 
nant part of the field just inside the magnetopause is inter- 
rupted or reduced as the magnetosphere is compressed. 

Acceleration of Energetic 
Trapped Radiation 

During the two Pioneer 10 events the spacecraft was deep 
enough within the magnetosphere to observe effects on 
trapped particles. As can be seen in Figures 2 and 3. there was 
an enhancement of particle intensity preceding the appearance 
of the magnetosheath at the spacecraft. In both cases the 
enhancements appear out of context with the surrounding 
data, and they are almost certainly caused by the compression. 
Such an increase in intensity could only arise in two ways. 
Either particles were accelerated during the compression or 
else a region of higher particle intensity was transported to the 
spacecraft. The latter is not probable because under normal 
conditions, intensities this high were only found closer to the 
planet. On the other hand, acceleration seems likely during 
such a compression event. 

The electric fields that accelerated the particles could be 
local or nonlocal, curl-free or soienoidal. Comparison of the 
particle intensities with magnetic field values at higher resolu- 
tion reveals that the time profiles do not match. Therefore we 
can discount gyrobetairon acceleration driven by the local 
soienoidal field. Of the remaining possibilities, drift betatron 
effects or acceleration by curl-free electric fields, there is no 
way to distinguish between the many possible models [e.g.. 
Carbary et al.. 1976]. 

A great deal of energy is released by the compression — more 
than enough to produce the observed particle acceleration. In 
pushing the magnetopause 40 Rj inward the solar wind does as 
much as I0 3 ' J of work. For example, consider the work »■ 
done by pressure p in compressing a hemispherical volume of 
radius r. If it is assumed that the radial pressure of the shocked 
solar wind p „ varies as cos 3 p. then 

»• = j" J ’f r ’ ' J / , » cos3 ^ s ' n f dp d<t> dr = 2 trpd.r 7 - 

For values of p, ~ 20 X 10 dyn/cm 3 . r, = bORj. andr, - 100 
Rj, » ^ I0 3 ” J. Since the outer magnetosphere contains about 
10” J above the threshold of the detector used. Figures 2 and 3 
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show that the observed particle acceleration is not even the 
main energy receptor duping these events. 

The Plasma Density From the Response Time 
of Jupiter's Magnetosphere 

It is significant to note that the particle acceleration precedes 
the arrival of the magnetopause at the spacecraft by approxi- 
mately 5 hours in the inbound case and 15 hours in the 
outbound case. The unimpeded solar wind would cover a 
distance of 40 Rj in only about 2 hours. Thus the measured 
time difference is determined by the properties of the magnet- 
osphere. Indeed, one can make a guess at the plasma density 
on the basis of this time lag. It may be that the energetic 
particles, which drift and mirror rapidly and which sample a 
large volume of the magnetosphere, are able to respond 
quickly to changes in magnetospheric topology. If thejump in 
particle intensity marks the start of the compression and the 
speed of motion of the magnetopause is assumed to be of the 
order of the hydromagnetic wave veiocity V A , internal to the 
magnetosphere, then r = Jdr/V A =* (p, Mn) ,n fdr/B. We take 
the integrand to be constant with B * 10 y. Then n =» 0.6 cm 
(inbound) and ~ 6 cm" 3 (outbound), corresponding to V A =« 
150 and * 50 km/s, respectively. These densities are of the 
same order of magnitude (1 cm"’) as that inferred by Smith et 
al. (19746) from the density of the magnetodisc current and 
also of the same order (4 cm' 3 ) as that inferred by Eviatarand 
Ershkovich [1976] from estimates of the hydromagnetic wave 
velocity based on diurnal magnetic field variation. Although 
all of these indirect methods are questionable, it is noteworthy 
that they lead to results that are in reasonable agreement. 

Time Constants of Magnetospheric 
Circuit Models 

To pursue these deductions further, we can estimate the time 
constants of electrical circuits on the scale of Jupiter's magnet- 
osphere. The current systems in the magnetopause and the 
equatorial plane have large inductances which must contribute 
to the time constant. It is hard to guess the circuit parameters 
of the magnetopause system, but we know a good deal about 
the equatorial ring current. The linear current density is typi- 
cally K = 2 X !0' 3 A/m or 1.5 X 10* A /Rj. Then the total 
current / is =IO“(/ , „ - r,). where r„ and r , are the outer and 
inner radii of the current sheet. When the magnetosphere is 
distended to 100 R.,, the current sheet extends from about 30 to 
80 R.,. so that / = 5 X I0 T A. A circular loop carrying this 
current and located at a mean distance of 55 Rj would roughly 
correspond to an inductance of L p„r = 5 X I0 3 H. 

An alternative estimate of inductance is provided by consid- 
ering the magnetic flux <t> linking the distributed current disc. 
The magnetic field interior to a flat current disc, obtained from 
the Biot-Savart law, is B = ip„K/2) In (r„/r,). For the above 
parameters this equation implies B = 4rr X 10”' X 10 3 In (8/ 
3) => 10 y = 10 * Wb/m 3 . The flux interior to the current is 
then 4> = 10 ' x t X (30 X 7.3 X I0 3 ) 3 a. 1.5 X !0" Wb, 
and the inductance L = 4>// = 3 X I0 3 H. If the current is 
interrupted by the compression, the energy associated with it 
(LP/2 - 1 0‘* J) must be dissipated or displaced. 

Since the plasma-filled space of the magnetosphere has a 
high dielectric coefficient, large capacitances are possible too. 
In general, capacitance can be evaluated by the formula C = 
n«oC. where rj is the dielectric constant and G is a purely geo- 
metric term with the dimension of length. For instance. G = 
A/s for parallel plates, where A is the area and s is the separa- 
tion, and for concentric spheres. G = 4 r[ab/{b - a)|. where h 


and a are the outer and inner radii. Without knowing the 
geometry we are dealing with, we may nevertheless estimate 
a lower limit for G based on the scale of the Jovian magneto- 
sphere. Using the formula for a concentric spherical capacitor, 
take the inner plate to be the planetary surface and the outer 
plate to be at the magnetopause. Then G = 4tr R j *= 10* m. 
This is the minimum reasonable value: it can be lowered only 
by assuming the inner plate to be below the surface or by 
supposing that the capacitance is on a local rather than a 
global scale. The dielectric constant is given by = ( c/V A ) 3 , 
and for the densities cited above, ij * 2 X 10* to 2 X I0 T . Then 
c > 20-200 kF. 

If this capacitance received the energy from the ring current, 
the charging time would have to be about one half of the 
resonant period, which is given by r = 2tc{Lc)' 3 . Our figures 
then give charging times of 1 5-50 hours, which arc longer than 
the observed compression times but not unreasonable. 

A more complex equivalent circuit is likely. Energy can be 
transferred by mutual inductance between ring and magneto- 
pause currents or between ring currents in the inner and outer 
magnetosphere. We would expect the turns ratio to be of the 
order of unity and the magnetospheric capacitance to interact 
with the circuit as before, however, so that the time constant 
would not be altered drastically. Alternatively, if the energy 
were dissipated, we would require a resistance of about I 12 
(calculated from t = L/R). We find that the observed lag can 
be duplicated by reasonable circuits, but we don't know 
enough about magnetospheric processes to specify the proper 
equivalent circuit. 

Note added in proof. The interval between magnetopause 
crossings has also been noticed by Desslcr [I978|, who points 
out that II of 14 crossings occurred in the same hemisphere. 
A model has been developed in which a lopsided outer mag- 
netosphere results from asymmetries in the internal magnetic 
field [Dessler and Hill. 19751- 
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We examine the major changes in the solar wind before, during, and after the Pioneer 10 and 1 1 en- 
counters with the Jovian magnetosphere during 1973 and 1974, respectively. In an earlier study, Smith et 
aL (1978) concluded that the Jovian magnetosphere was subjected to large-scale compression during at 
least three of four intervals during which it appeared that the spacecraft had reentered the solar wind or 
. magnetoshealh near 30 Rj after having first entered the magnetosphere near 100 Rj. They based this sug- 
gestion on the observations of the sister spacecraft, which indicated — on the basis of a kinematic trans- 
lation of corotating interaction regions (CLR’s) — that these structures would be expected to arrive at Jupi- 
ter at the appropriate beginning of these three intervals. Our reexamination of this suggestion involved 
the numerical simulation of the multiple CIR evolutions from one spacecraft to the sister spacecraft This 
approach, considered to be a major improvement confirms the suggestion by Smith et aL (1978) that Ju- 
piter’s magnetosphere was compressed by interplanetary CIR’s during three out of four of these events. 

Our MHD simulation also suggests that Jupiter's magnetosphere reacts to solar wind rarefactions in the 
opposite way — by expanding. A previously unexplained pair of magnetopause crossings on the Pioneer 
1 1 outbound pass may simply be due to a delayed reexpansion of Jupiter’s magnetosphere from a com- 
pression that occurred during the inbound pass. 

Introduction 

The question of the compression of Jupiter’s magnet- 
osphere by nearly a factor of 2 during the Pioneer 10 and Pio- 
neer 11 encounters in late 1973 and 1974, respectively, has 
been examined by Smith et aL [1978], These authors examined 
simultaneous sets of encounter data acquired by the Jet Pro- 
pulsion Laboratory vector helium magnetometer, the NASA 
Ames Research Center plasma analyzer, and the University of 
California (San Diego) trapped radiation detector. These 
data, acquired before, during, and after the Jupiter encounter, 
were compared with the plasma and magnetic field data ac- 
quired simultaneously in interplanetary space by the sister 
spacecraft. A time delay based on the radial and (small) longi- 
tudinal separation was introduced to allow the solar wind that 
reached one spacecraft to arrive at the other. The inter- 
planetary data were then kinematically translated to the ob- 
servations in the neighborhood of Jupiter. A similar approach 
was used by Bridge et aL [1979] during the Voyager 1 flyby in 
early 1979. These authors also observed the dependency of 
magnetopause and bow shock motion on solar wind pressure 
as projected from Voyager 2, which was — 0.5 AU in the sun- 
ward direction from Jupiter. Also, Siscoe et aL [1980] com- 
pared the Voyager 2 bow shock crossings with those of Voy- 
ager 1. 

Of particular interest in the Pioneer flyby data were four in- 
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tervals during which it appeared that the spacecraft had reen- 
tered the magnetosheath near 50 Rj (where R, is Jovian 
radius) after having first entered the magnetosphere near 100 
R„ as discussed earlier by Wolfe et aL [1974a, A], Smith et aL 
[1974, 1975] and Mihalov et al. [1975]. Earlier, the observa- 
tions had been interpreted as a large-scale compression of the 
Jovian magnetosphere, presumably caused by pressure pulses 
in the solar wind. An alternative hypothesis was that the ob- 
servations represented a spatial variation within the magnet- 
osphere. This hypothesis [Dessler and Vasyliunas, 1979; Michel 
and Sturrock, 1974; Hill et aL, 1974; Kennel and Coroniti, 
1975], and a combined temporal solar wind/spatial magneto- 
spheric distortion caused by plasma outflow, suggested by 
Coroniti and Kennel [1977], asserts that regions exist inside the 
magnetosphere wi thin which centrifugal forces (associated 
with Jupiter’s large size and rapid rotation) overwhelm the re- 
straining effect of the planetary magnetic field. The result is 
the production of internal outward convective flows, and pos- 
sibly even some form of internal shock. A similar model (but 
without the intrinsic magnetic field) has been proposed for so- 
lar wind interaction with comets by Wallis and Dryer [1976]. 

The four intervals of time during which the spacecraft reen- 
tered the magnetosheath, as mentioned above, were notable 
by the observation of a precipitous drop-off of the energetic 
particle count rates to near-interplanetary values, followed 
some time later (hours) by a return to the characteristic high 
count rates [Fillius and Mcllwain, 1974] inside the raagnet- 
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osphere. These particle data, presented by Smith et al [1978], 
are from channel Cl of the UCSD Cerenkov counter. This 
detector responds mainly to cosmic ray nucleons with energies 
> 500 MeV in interplanetary space. On the other hand, its re- 
sponse within the magnetosphere is dominated by electrons 
with energies greater than 6 MeV. The count rates are sub- 
stantially larger inside than outside the magnetosphere, rising 
near periapsis to very high values. The principal outcome of 
the study by Smith et aL [1978] was that in three of the four 
cases of precipitous drop-off in energetic particle flux (from 
-KP to -10 cmfV) reentry into the magnetosheath oc- 
curred when high-speed solar wind streams, which are 
marked by a substantial increase in proton convective pres- 
sure, were expected to arrive at Jupiter. Thus their study sup- 
ported the early hypothosis that the Jovian magnetosphere 
had undergone large-scale compression. 

It is realized, however, that corotating interaction regions 
(CIRs) evolve as they move outward [c.f.. Smith and Wolfe , 
1976, 1977; Dryer and Steinolfson, 1976]; thus the plasma and 
field characteristics will change somewhat between the fiyby 
spacecraft and its sister spacecraft in the interplanetary me- 
dium. Strong, significant evolution was clearly demonstrated 
by direct comparison of time-dependent MHD numerical sim- 
ulations with Pioneer 9 and 10 observations during the August 
1972 solar flare disturbances [Dryer et al, 1978a], The same 
theory [Steinolfson et al, 1975 a, 6] was used again for a longer 
time scale (-60 days) by Dryer et al [19786] with a s imilar 
conclusion. They examined the evolution of the solar wind 
observed by Pioneer 11 at —2.8 AU in 1973 into the well-de- 
veloped CIRs observed by Pioneer 10 at -4.9 AU just prior to 
the latter’s first entry into the Jovian bow shock/magnet- 
osphere system. The reader is invited to examine (for ex- 
ample) the detailed evolution of a single CIR from its obser- 
vation on days 308-3 17 (1973) by Pioneer 1 1 at —2.8 AU to its 
metamorphosis as observed on days 318-322 (1973) by Pio- 
neer 10 at -5 AU [Dryer et al, 19786, Figures 5-7], Down- 
stream, at 5 AU, the CIR was characterized by the classical 
fast forward and reverse MHD shock waves that bounded a 
clear interface (or piston) where the total pressure was a maxi- 
mum; whereas upstream, at -2.8 AU, the CIR was yet unde- 
veloped. It was characterized by several weak forward, as well 
as several weak reverse, shocks or high-amplitude nonlinear 
MHD waves. Also, the interface in the CIR at 2.8 AU was still 
ill defined among strong magnetic and thermal fluctuations. It 
was not until the CIR became more fully developed near Ju- 
piter that it started to approach the classical characteristics 
predicted by similarity theory [c.f. Dryer, 1974, 1975] for its 
structure at asymptotically large distances. We remark, in 
passing, that comparison of observations, similarity theory, 
and numerical simulations is still in progress [c.f., Metzler et 
al, 1979; Rosenau, 1979]. 

It is our intention to use the MHD model to reexamine the 
original ‘large-scale compression’ hypothesis that was sug- 
gested by the authors noted earlier. We will show that the re- 
sults, which are found by using a rational and self-consistent 
fluid theory, support the conclusions of Smith et al [1978] that 
such compressions did indeed take place at or close to the ap- 
propriate time intervals mentioned above. Our MHD tech- 
nique provides us with a more faithful representation of the 
variations in the solar wind pressure than we have had before, 
and these variations are followed in a remarkably detailed 
way by expansions and contractions of Jupiter’s magnet- 
osphere. Furthermore, the quantitative evaluation of the solar 


wind pressure at Jupiter enables us to estimate the subsolar 
magnetopause distance as a function of solar wind pressure. 

Discussion 

Model. We first use the one-dimensional, time-dependent 
MHD theory described originally by Steinolfson et al [1975a] 
and used by Dryer et al [19786] to simulate the CIRs observed 
by Pioneers 10 and 1 1 in 1973 just prior to the first penetration 
of the Jovian bow shock by the former spacecraft The proce- 
dure, described in detail in this latter paper, can be summa- 
rized for the 1973 encounter as follows: (1) Approximately 60 
days of observed plasma and magnetic field data at Pioneer 1 1 
are used as an input forcing function for the numerical MHD 
model. (2) The simulation proceeds timewise into an ambient 
medium determined by the beginning of the input data. (3) 
The output at the desired position of Pioneer 10 prior to, dur- 
ing, and following magnetospheric penetration is compared 
with the Pioneer 10’s solar wind data before and after this en- 
counter. During this period in 1973 the radial, heliolongitu- 
dinal, and heliolatitudinal separation of the two spacecraft 
varied between 2.0 to 2.4 AU, 0°-5°, and respectively, 
as shown by Dryer et al [19786, Figure 1]. The present study 
includes a refinement of this earlier one in the sense that the 
actual, varying spacecraft positions and spacecraft velocities 
during the 60-day interval are now taken into account; 
whereas they were previously not included. 

The procedure for the 1974 encounter was modified for the 
first step (1) noted above. During the 35-day period used, the 
radial, heliolongitudinal, and heliolatitudinal separations 
were —1.3 AU, 12.9°, and 1.4°, respectively, as shown by 
Smith et al [1978, Figure 1]. Solar wind plasma and magnetic 
field data were available from the innermost spacecraft. Pio- 
neer 1 1, before and after the Jovian magnetospheric encoun- 
ter. These data were, of course, used for step (1). During the 
period of time when solar wind data were unavailable, linear 
interpolations were assumed between the data points on each 
side of the data gap. A time delay of 1 day was added to the 
simulation at 6.2 AU to account for the azimuthal corotation 
delay, thus allowing a direct comparison to the data. 

Results: 1973 Encounter. The Pioneer 11 observations 
(—2.28 hour averages) of solar wind bulk velocity, density, 
proton temperature, and azimuthal magnetic field (V, n, T„ 
and B v respectively) are given in Figure 1 for days 301-361 in 
1973. The average spacecraft separation of -2.2 AU was used 
in the program. The time scale of the simulation was then cor- 
rected for the changes caused by variations in the spacecraft 
separation. This correction was £±20 hours. It can be seen, 
particularly from the time series for n and 7^ that approxi- 
mately seven CIR’s — in various stages of development — were 
observed by Pioneer 1 1. These data, as noted above, served as 
the input forcing function for the MHD model. The simula- 
tion was performed for a time sufficient for a useful com- 
parison with the Pioneer 10 solar wind observations down- 
stream, before and after encounter with the Jovian 
magnetosphere. 

Figure 2 shows this comparison at the position of Jupiter. 
The earlier CIR’s, such as those discussed above for days 3 18— 
322 (1973), evolved into more mature ones, with well-devel- 
oped forward and reverse shocks. The theoretical evolution of 
the seven CIR’s, from their -2.8 AU position to -5 AU, is 
clearly seen to be in good agreement (phasing and magni- 
tudes) with the observed CIR’s before and after Jupiter en- 
counter by Pioneer 10. The timing of the simulated and ob- 
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Pioneer II Observotions at 2.78 AU 

(2.28 Hour Averages, Used for MHD Simulation) 



Fig. 1. Pioneer 1 1 solar wind observations (2.28 hour averages) at 
-2.8 AU on days 301-361, 1973. 

served pressure pulses, shown in Figure 3, all agree to within 3 
hours, except for the first one and a partial one observed as 
the spacecraft left Jupiter’s magnetosphere. Of particular in- 
terest to the test of the present hypothesis discussed in the In- 
troduction are the two simulated CIR’s that appeared at Jupi- 
ter when solar wind data were unavailable for local 
‘monitoring’ purposes. The forward shocks arrived on days 
335 (13 hours) and 344 (2 hours), respectively. The ensuing in- 
teraction of the interplanetary fast forward MHD shock with 
the Jovian bow shock-magnetopause system may be described 
by the theoretical quasistatic system described by Dryer [1973] 
and Grib et al [1979]. It was on these 2 days, days 335 (3 
hours) and 344 (12 hours), that the precipitous drop in ener- 
getic particle flux took place as described by Smith et aL 
[1978], The proton dynamic (or convective) pressure is shown 
for the entire time interval, including the two intervals of par- 
ticular interest, in Figure 3. The peak magnitudes (3-5 x 10“’ 
dyn cm -2 ) indicate a tenfold increase over quiet values. This 
simulation then provides rather strong support for the sugges- 
tion made by those authors that large-scale compression of the 
Jovian magnetosphere, caused by the dynamic pressure of the 
two solar wind CIRs, produced a situation wherein Pioneer 10 
temporarily found itself in the magnetosheath. That is, the 
tenfold dynamic pressure increases are sufficient to move the 
magnetopause from 100 Rj to well past the spacecraft at -60 
Rj, thus leaving the spacecraft outside the magnetosphere for 
a couple of days. 

Figure 4 shows the same data as Figure 3, plotted on a sem- 
ilogarithmic scale to give us a better look at the lower pres- 
sures between interaction regions. In addition to the pressure 


increases in the CIR's, several rarefactions stand out, trailing 
CIR’s. Of special interest are the narrow rarefaction dips late 
on days 331 and 346, because they coincide with magneto- 
pause crossings. 

The timing of these crossings is visible in Figure 5, which 
shows the output of a trapped radiation detector superim- 
posed on the same time scale as the simulated solar wind pres- 
sure. The detector is channel Cl of the UCSD Cerenkov 
counter, which responds to electrons of energy E. > 6 Mev. 
The magnetopause crossings are marked on Figure 5 and 
listed in Table I, which reproduces information given by In- 
triligator and Wolfe [1976], Because the magnetosheath was 
narrower than expected, Wolfe et aL [1974c] had speculated 
that the first inbound crossing, labeled 73MP1, occurred at a 
time of magnetospheric expansion. The results of our study 
make this suggestion all the more plausible, as a sudden drop 
in solar wind pressure was projected for just this time. If the 
magnetosphere responds to an increase in solar wind pressure 
by contracting, we can even state that it is obvious that it 
should respond to a decrease in solar wind pressure by ex- 
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Fig. 2. Comparison of Pioneer 10 soiar wind observations (before 
and after Jupiter encounter) with the MHD simulation on days 3 IQ- 
363, 1973. 
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TABLE 1. Jovian Magnetopause Crossings by Pioneer 10 (1973) 
and Pioneer 11 (1974) 


Magnetopause 

Crossing 

Day of Year 

Distance From 
Jupiter, Rj 

System 3 
Longitude 
(1965), deg 

73MP1 

331.83 

96.4 

307 

73MP2 

335.11 

54.3 

276 

73 MP3 

335.57 

46.5 

316 

73MP4 

344.50 

97.9 

238 

73MP5 

346.41 

121.5 

too 

73MP6 

346.42 

121.7 

109 

73MP7 

347.08 

129.7 

329 

73MP8 

348.78 

150.1 

11 

74MP1 

331.12 

97.3 

247 

74MP2 

331.33 

94.5 

72 

74MP3 

333.55 

64.5 

212 

74MP4 

340.34 

56.6 

318 

74MP5 

340.77 

62.7 

334 

74MP6 

342.03 

80.0 

348 


From Intriligator and Wolfe [1976]. 


panding. However, this is the most direct evidence that this 
behavior occurs as expected. 

The sequence of events on the Pioneer 10 outbound pass is 
particularly persuasive. Following the compression of the 
magnetosphere that occurred on day 343 and that pushed the 
magnetopause in past the spacecraft at 73MP4, the magnet- 
osphere stayed compressed for about 2 days, until the C1R 
had passed. The subsequent solar wind rarefaction that oc- 
curred on day 346 frames magnetopause crossings 73MP5 and 
73MP6. These two crossings are just 13 min apart, corre- 
sponding to a very brief reentry of the spacecraft into the 
magnetosphere and an immediate reexit. A spike of trapped 
electrons marks this reentry, although it is dwarfed by an ear- 
lier burst of magnetosheath electrons. The magnetosphere 
must have expanded rapidly to overtake the spacecraft at 
73MP3; but owing to the narrowness of the rarefaction and 
the small solar wind pressure pulse that followed it, the expan- 
sion was brief, and the magnetopause was once again pushed 
in past the spacecraft at 73MP6. The spacecraft re main ed out- 


Pioneer 10 Observations 

at 5.02 AU (2.28 Hour Averages) 



Fig. 3. Comparison of Pioneer 10 convective pressure observa- 
tions (before and after Jupiter encounter) with the MHD simulation 
on days 310-363, 1973. 


Pioneer 10 Observations at 5.02 AU 

(2.27 Hour Averages) 



Fig. 4. Same as Figure 3 except that a semilog scale is used in or- 
der to emphasize the rarefaction regions of lower pressure between in- 
teraction regions. 


side the magnetosphere until the small solar wind pressure 
pulse subsided; and for the last time the magnetopause ex- 
panded outward past the spacecraft at 73MP7. 

The timing of the solar wind simulation is sometimes a bit 
late. For instance, the CIR on day 333 must have arrived a 
day earlier than shown in order to push the magnetopause in 
past the spacecraft at 73MP2. In spite of this timin g error, 
there is no doubt that this CIR did indeed cause the compres- 
sion event Similarly, on the outbound pass the CIR on day 
344 appears to be perhaps half a day late for magnetopause 
crossing 73MP4; and the trailing edge of the pulse on day 347 
is about a day late for 73MP7. Nevertheless, the sequence of 
events in the magnetospheric data and the simulation dovetail 
so well that this breakdown in correlation is not serious. 

It is interesting to speculate that another magnetospheric 
expansion must have occurred early on day 338. However, 
Pioneer 10 was close to periapsis at this time and too deep in 
the magnetosphere to observe its effect. 

Results: 1974 Encounter. The observations (2.3 hour aver- 
ages) of V, n, T„ and B t before and after Pioneer 1 l’s encoun- 
ter with Jupiter in 1974 are shown in Figure 6. The encounter 
interval is marked by vertical bars in the figure. During this 
time, however, solar wind plasma data were also available be- 


THE RESPONSE OF JUPITER'S MAGNETOSPHERE 
TO THE SOLAR WIND CONVECTIVE PRESSURE 
PIONEER 10 ENCOUNTER, 1973 



Fig. 5. Comparison of the UCSD high-energy particle measure- 
ments — showing the eight magnetopause (MP) crossings — and the ob- 
served convective pressure during the Pioneer 10 encounter in 1973. 
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Pioneer 11 Observations at 4.90 AU 

(2.32 Hour Averages) 

— Interpolation Used for Simulation Input 
During the Data Gaps 



1974 (Days) 

Fig. 6. Pioneer 1 1 solar wind observations (2.32 hour averages) 
before and alter Jupiter encounter on days 318-353, 1974. The dashed 
lines for V, n, T r and B t (between the two vertical bars marked by the 
double arrow) indicate the values assumed for the solar wind in lieu 
of unavailable observed data for the input for the MHO model. 

tween days 331.7 and 332.6. This cuts the Jupiter encounter 
interval into two data gaps. For input into the MHD simula- 
tion program, linear interpolations were used between the two 
data points bounding each of the two gaps. However, the two 
points bounding each gap were adjusted in such a way as to 
make the simulation obtained best fit the data downstream at 
6.2 AU. These interpolations are shown by the dashed lines in 
Figure 6. As noted earlier, the simulation time scale was cor- 
rected for both the angular corotation delay and for the varia- 
tions caused by spacecraft separation changes. In addition, 
two separate data points, whose density differed by more than 
a factor of 10 from the neighboring points, were removed. 

It can be seen in Figure 6 that at least one large, complex 
CIR encountered Jupiter from day 320 to approximately day 
330. Compression of the magnetosphere had undoubtedly 
taken place, followed prior to day 330 (— 03h) by a brief ex- 
pansion, during which a brief encounter with the bow shock 
took place for the first time at 97 Rj. This was followed by 
Pioneer 11 penetration of the magnetopause [see Smith et al., 
1978, Figure 3] until day 332 (~ 14 hours), when a second CIR 
arrived at Jupiter. This one was smaller in magnitude, but the 
pressure increase of a factor of 10 was sufficient to account for 


the magnetospheric compression to -77 Rj. The third time in- 
terval associated with a precipitous drop-off of the energetic 
particle flux occurred at this time, as discussed by Smith et al. 
[1978), followed shortly thereafter on day 333 with reexpan- 
sion of the magnetosphere over the Pioneer 1 1 position. We 
then ask the following questions: (1) Were these two CIRs ob- 
served at Pioneer 107 (2) Was the complex CIR observed by 
Pioneer 11 after encounter on approximately days 346-352 
also observed at Pioneer 10? (3) Is there any evidence at Pio- 
neer 10 of a third CIR, following the second, that would ac- 
count for the fourth interval of precipitous drop-off in ener- 
getic particle flux observed on day 340 by Pioneer 1 1? 
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Fig. 7. Comparison of Pioneer 10 solar wind observations at 6.2 AU 
with the MHD simulation on days 323-363 (1974). 
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Pioneer 10 Observotions 

at 6.21 AU (2.32 Hour Averages) 



Fig. 8. Comparison of Pioneer 10 convective pressure observations 

at 6.2 AU with the MHO simulation on days 323-363 (1974). 

The results of the numerical simulation, compared with the 
Pioneer 10 observations, are shown in Figures 7 and 8 in the 
same format discussed for the 1973 encounter for the basic pa- 
rameters ( V, n, T r and 5.) and the proton convective pres- 
sure, respectively. The phasing and magnitudes are in reason- 
ably good agreement, with the following exceptions: The 
simulated peak density of the first CIR was about one-half the 
observed one, and the simulated peak temperature was about 
50% larger than the observed proton temperature. The latter 
deficiency has been explained [Dryer et aL, 1978b] by the fact 
that the present model is a one-fluid model which neglects 
thermal conduction within CIR’s from protons to electrons. 
The latter particles rapidly conduct the thermal energy away 
from the protons because of their high thermal conductivity, 
thus lowering the proton temperature. This suggestion was 
confirmed by the two-fluid time-dependent model described 
by Metzler et aL (1979). It is, however, noteworthy that the 
present model predicted the variation of B. rather well 

Figure 8, in particular, shows that three CIRs were ob- 
served in both data and simulation at Pioneer 10. In proton 
convective pressure, the three asociated pressure pulses agree 
to within 24 hours in time. This agreement is not as good as 
that obtained for the 1973 case. In this case, however, the 
CIR’s do not have the ‘typical’ form for which this model is 
best suited. The velocity rem ains high after the passage of the 
first CIR. Compare this to the first CIR of the 1973 case, for 
which the simulation also is off by 24 hours from the data. 
Thus questions (1) and (2) posed above are answered affirm- 
atively. 

Turning to question (3) concerning the interval on day 340 
(1974) when Pioneer II found itself temporarily outside the 
magnetosphere (74MP4 to 74MP5 on Figure 10), we were un- 
able to justify the assumption of a CIR at that time. That is, 
comparisons of the simulated and observed data in Figures 7 
and 8 had no need for such a feature in the input forcing func- 
tion that represented the solar wind at Jupiter. However, a 
full-fledged CIR may not have been necessary for the space- 
craft to find itself outside the magnetosphere during this inter- 
val on the outbound pass. Referring to Figures 9-11, note that 


after the compression on day 331 the magnetosphere re- 
mained compressed for at least 2 days until the last inbound 
magnetopause crossing, 74MP3, on day 333. Indeed, from in- 
spection of Figure 8, we may suppose that the solar wind pres- 
sure remained high for several days after 74MP3, delaying the 
reexpansion correspondingly. After all, the synthesized por- 
tion of our input forcing function was chosen for a satisfactory 
fit and simplicity, but there is room for an extended high pres- 
sure plateau before the start of the downward ramp. In any 
case, while the spacecraft was inside the magnetosphere, the 
solar wind evidently underwent a gradual decline in velocity, 
density, and pressure. It may be that the magnetosphere was 
still somewhat compressed at the first outbound magneto- 
pause crossing, 74MP4; and at the second outbound crossing, 
74MP5, it was merely reexpanding from the compression of 
the week before. 

These two crossings do not appear anomalous when one an- 
alyzes the expected position as a function of solar wind pres- 
sure, allowing for the shape of the magnetopause. To illustrate 
this point, we have scaled the magnetopause distance to the 
subsolar point for each of the crossings listed in Table 1 and 
plotted this against the simultaneous solar wind convective 
pressure estimated from our MHD projections. When the 
magnetopause was thought to be in motion during a crossing, 
it appears in Figure 1 1 with an arrow pointing in the direction 
of the motion. In such cases the observed position is a limi t 
only, and the arrow points in the direction of the equilibrium 
position. The work of Engle and Beard [1980] shows that the 
Jovian magnetosphere flares substantially in the dawn and 
dusk meridians and flattens somewhat at high latitudes. To 
normalize from the spacecraft trajectories to the subsolar 
point, we divided the distances to the Pioneer 10 and 1 1 out- 
bound crossings by 1.33 and 0.84, respectively, and let the in- 
bound distances stand as is. 

These factors were scaled from the fifth-order infla ted mag- 
netopause model in Figure 6 of the paper by Engle and Beard. 
With the corrections for the idealized magnetopause shape, 
the projected solar wind pressure does a reasonably good job 
of ordering the magnetopause position. One can see that rela- 
tive to the other data on Figure 1 1 the first two Pioneer 1 1 
outbound crossings (74MP4 and 5) are not really out of place. 

We have also plotted, on Figure 1 1, the three magnetopause 
crossings observed in the Voyager 1 Jupiter encounter data by 
Bridge et aL [1979]. They agree very well with the Pioneer 
data. The solid lines in Figure 1 1 represent a dependence of 
magnetopause location R upon pressure P in the form R is 

— Pioneer II Observations at 490 AU 

(2.32 Hour Averages) Also Used as Simulation Input 



Fig. 9. Convective pressure observations by Pioneer 1 1 at Jupiter 
on days 318-352 (1974) and the interpolation used for the MHD sim- 
ulation input. 
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proportional to P~ wb for b — 3 and 6 — 4. These values of b 
compare well with the dependence of the bow shock position 
upon solar wind pressure obtained by Voyager 1 and 2 [Siscoe 
et al, 1980]. Using least squares fitting procedures, these au- 
thors obtained values for b from 2.6 to 4.3. A least squares fit 
to the Pioneer data gives a value of b — 2.25 ± 1.95. 

It is interesting to consider the functional dependence im- 
plied by this power law. If the magnetic field of the internal 
dipole alone had to stand off the solar wind, the expected de- 
pendence would be P proportional to R~ wt . However, there is 
a substantial ring current in the outer Jovian magnetosphere, 
and the magnetic field magnitude falls off radially, not as R~ 3 , 
as it would for a dipole, but more like R~ , s to R~ 2 . Thus the 
magnetic field pressure inside the magnetosphere varies as R~ 3 
to R~\ Le., with the same radial dependence exhibited by the 
data in Figure 11. 

Attempts to refine this index must deal with errors that are 
nonstatistical in nature. For instance, there are likely to be 
differences between the Engle and Beard magnetopause, 
which is an equilibrium configuration, and the dynamic real- 
ity, which may not preserve its equilibrium shape when in 
motion (e.g., 73MP5 and 6). Also, it is more difficult to esti- 
mate the solar wind pressure in some cases than in others. The 
measured (or modeled) solar wind pressure is not the pressure 
required to maintain a steady state magnetopause at the loca- 
tion at which the measurement was made. Moreover, there are 
timing errors of up to a day in the simulated solar wind pres- 
sure; thus one must guess what is the correct instant to take a 
reading from the pressure graph. In many cases this is easy 
because a specific sharp feature in the solar wind data can be 
related to a magnetospheric event (e.g., 73MP1 and 2). In 
other cases this is harder for instance, 73MP3 evidently oc- 
curred during a decline in solar wind pressure that lasted for a 
couple of days, and one can only guess at the timing error in 
this case. Because of these uncertainties, we feel that all values 
of the index b between 3 and 4 are acceptable, and further 
analyses of these data should be based on a dynamic magne- 
tospheric model. 

Conclusion 

A single-fluid, time-dependent, 1-D MHD model was used 
together with a set of simultaneous plasma and magnetic field 
data to simulate the evolution of seven CIR’s in 1973 and 
three CIR’s in 1974 between the positions of Pioneer 1 1 and 


THE RESPONSE OF JUPITER'S MAGNETOSPHERE 
TO THE SOLAR WINO CONVECTIVE PRESSURE 
PIONEER II ENCOUNTER. 1974 



Fig. 10. Comparison of the UCSD high-energy particle measure- 
ments — showing the six magnetopause crossings — and the observed 
convective pressure during the Pioneer 1 1 encounter in 1974. 



Fig. 1 1. Position of subsolar magnetosphere, as scaled [Engle and 
Beard, 1980] from Jovian magnetopause crossings, versus solar wind 
pressure for the Pioneer 1973 and 1974 encounters as well as for the 
Voyager 1979 encounter. 

Pioneer 10. In the former case a portion of the solar wind data 
at the outermost spacecraft (Pioneer 10) was unavailable since 
it was (for the most part) within the Jovian magnetosphere. In 
the latter case, a portion of the solar wind data at the in- 
nermost spacecraft (Pioneer 1 1) was unavailable for the same 
reason, necessitating an assumption for a portion of the re- 
quired solar wind input forcing function. Agreement of the 
simulation with the plasma and magnetic field data at the out- 
ermost spacecraft was satisfactory for both the 1973 and 1974 
cases. 

In the former case, two of the simulated CIR’s appeared at 
Jupiter at the same times as precipitous drop-offs of energetic 
particle flux took place, thereby confirming the suggestion by 
Smith et al. [1978] that a large-scale compression of the mag- 
netosphere had taken place in response to solar wind pressure 
pulses incident on the magnetosphere. In the latter case 
(1974), the pressure increase in the second observed CIR was 
sufficiently large for it to have been responsible for the third 
case of energetic particle flux drop-off. A third CIR was nei- 
ther observed nor simulated, but it was shown that this does 
not necessarily imply that a different mechanism has to be in- 
voked to explain the data observed at Jupiter. 

Our MHD simulation, taken together with the Cerenkov 
counter observations, also strongly supports the idea that Ju- 
piter’s magnetosphere reacts — by expanding — to solar wind 
rarefactions that follow CIRs. 
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like that of the moons (2), but the rings of 
Saturn produce the most dramatic effect 
of all. The trapped radiation is complete- 
ly absorbed at the outer edge of the A 
ring and, on lines of force intercepted by 
the Saturn rings, cosmic rays fall to less 
than one fifth of their interplanetary lev- 
el. Our counting rates here were the low- 
est recorded in the entire flight. 

Modulation at the planetary rotation 
rate is visible only at Jupiter, where the 
gross intensity variations outside the or- 

Trapped Radiation Belts of Saturn: First Look bit of io carry the 10-hour period of Jupi- 

ter’s rotation. Earth’s magnetosphere 

Abstract. Pioneer II has made the first exploration of the magnetosphere and could produce a 24-hour modulation if 

trapped radiation belts of Saturn. Saturn’s magnetosphere is intermediate in size an observatory could be held stationary 

between Earth’s and Jupiter's, with trapped particle intensities comparable to at a chosen location. However, the near- 

Earth's. The outer region of Saturn’s magnetosphere contains lower energy radio- Earth data shown here span only 1 hour, 

tion and is variable with time; the inner region contains higher energy particles. The so there is no chance of seeing such an 

pitch angle distributions show a remarkable variety of field-aligned and locally mir- effect. Like Jupiter, Saturn has a rotation 

roring configurations. The moons and especially the rings of Saturn are effective period of 10 hours, but if modulation oc- 

absorbers of trapped particles; underneath the rings, the trapped radiation is com- curs at this frequency, it is not readily 

pletely absorbed. We confirm the discovery of a new ring, called the F ring, a new apparent. It is natural to attribute this 

division, the Pioneer division, and a moon, called 1979 S 2. The latter has probably uniqueness to the remarkable symmetry 

been seen from Earth. There may be evidence for more bodies like 1979 S 2, but at of Saturn’s magnetic field, which has a 

this stage the interpretation of the data is ambiguous. Using particle diffusion rates, dipole moment with near-zero values for 

we estimate that the cross-sectional area of the F ring is >7 x 10 11 square centime- both tilt and offset (J). 

ters and that the opacity is > I0~ s . Cosmic-ray albedo neutron decay should be Figure 2, A to C, shows a time profile 
looked into as a source of energetic particles in the inner magnetosphere of Saturn. ( 4 ) of Saturn’s magnetosphere as seen by 

several channels of the UCSD instru- 

On its historic flight past Saturn, Pio- Jupiter and Saturn are inside the zone of ment. Refer to Fig. 3 for the encounter 

neer 1 1 carried instrumentation for the trapped radiation and interact strongly geometry and Table 1 for a description of 

measurement of magnetospheric parti- with the trapped particles. In Fig. 1, the the detectors. 

cles and fields. One of these instruments arrows at the orbits of Io and Amalthea The outer region of Saturn's magneto- 
was a trapped radiation detector package point to dips caused by absorption of the sphere extends from - 6 Saturn radii 
designed and built at the University of radiation. There are analogous absorp- (J? s ) (.5-7) to the magnetopause. It is 
California, San Diego (UCSD) (Table 1). tion features at Saturn, too, but they are strongly influenced by the time-variable 
Data obtained with this package are pro- not shown distinctly in Fig. 1. The ring of solar wind, and it contains particles of 
viding (i) confirmation of the existence of Jupiter (!) produces an absorption dip lower energy than the inner region. Pio- 
a magnetosphere and trapped radiation 
belt at Saturn, (ii) greater understanding 


of that magnetosphere and measure- 
ments of trapped particle fluxes and 
energies, (iii) the opportunity to investi- 
gate particle acceleration processes un- 
der new conditions and to compare them 
with activity in other magnetospheres, 
and (iv) information about ring and satel- 
lite absorption effects, including the 
wake of what is probably a previously 
undiscovered object. 

Traveling to Saturn by way of Earth 
and Jupiter, Pioneer 11 crossed three 
magnetospheres and, with its sister 
spacecraft Pioneer 10, gathered excellent 
material for comparative studies. Figure 
1 shows the intensities and radial extents 
of particles in a common energy range at 
the three planets. Other comparative fea- 
tures that can be seen include the effects 
of moons and rings and the modulation 
of the radiation levels by planetary rota- 
tion. 

Earth’s moon is well outside the ter- 
restrial magnetosphere and has no effect 
on it. However, many of the moons of 


Fig. 1. Magneto- 
spheres of three plan- 
ets. These profiles of 
the radiation belts of 
Earth, Jupiter, and 
Saturn were made 
by University of Cal- 
ifornia instrumenta- 
tion on two Pioneer 
spacecraft. The pro- 
file of Earth's radia- 
tion belt was made in 
the dawn sector by 
Pioneer 10; those of 
Jupiter and Satum 
were made by identi- 
cal instrumentation 
on Pioneer 1 1 out- 
bound in the noon and 
dawn sectors, respec- 
tively. The data 
shown are from an 
electron scatter de- 
tector with a geomet- 
ric factor of 1.04 x 




10 3 cm 2 sr~' for electrons > 0.255 MeV. In the Jupiter magnetosphere inside Io. this detector 
responded mainly to omnidirectional electrons penetrating the shielding. For these particles the 
energy threshhold is 35 MeV and the geometric factor 0.038 cm ! . Note that the abscissa is in 
kilometers. To normalize to planetary radii, divide by 6371 km for Earth. 71.372 km for Jupiter, 
and 60.000 km for Satum. 
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neer 11 entered this region inbound at 
17.3 R s ( 8 ) and, as seen at the extreme 
left of Fig. 2, A to C. the magnetopause 
crossing produced a jump of an order of 
magnitude in the counting rates of our 
low-energy channels. The outbound 
crossings are shown in Fig. 1: the in- 
tensity jumps outbound are much less 
prominent, since the trapped intensities 
were low and statistically irregular. Ap- 
parently, the reason for this difference 
lies not only in the local times of the in- 
bound and outbound passes but also in a 
large temporal change in the magneto- 
sphere during the Pioneer 11 flyby. As 
reported by Wolfe et al. (S), the space- 
craft entered the magnetosphere at a 
time when it was compressed by a high- 
pressure solar wind stream. When it left, 
the solar wind pressure was lower, and 
presumably the magnetosphere was 
larger and the radiation less energetic. 

The outer region contains several fea- 
tures that we tentatively attribute to tem- 
poral fluctuations. One such feature is 
the broad dip observed in low-energy 
electron intensities at about 0600 on day 
244 (inbound near 10 R s ). Since this dip 
did not reoccur during the outbound 


pass, it does not seem to be a spatial phe- 
nomenon. It might be associated with the 
decompression of the magnetosphere 
and with growth of the diamagnetic ring 
current reported in this location by 
Smith et al. (3). 

Another feature, observed at about 
0900 on day 245 ( — 15 R s outbound), oc- 
curred simultaneously with a large 
change in the magnetic fleid direction 
(J). The angular distributions of the 
low-energy particles underwent drama- 
tic changes here also. It will take more 
analysis to describe the event fully; 
however, we are inclined to view this 
as a large temporal change, associated 
possibly with a magnetic tail and trig- 
gered by a change in interplanetary 
conditions. 

The feature observed at about 1600 on 
day 245 (~ 20 R s outbound) might be an- 
other temporal fluctuation, or it might be 
associated with Titan, since the space- 
craft made its closest approach (~ 6 R s ) 
to Titan at this time and. crossed its orbit 
shortly thereafter (9). The particle fluctu- 
ations were accompanied by a variation 
in the magnetic field (5). If this event is 
related to Titan, it implies that Titan it- 
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self is a source of energetic charged par- 
ticles in Saturn’s magnetosphere. 

As Fig. 2C shows, during a large por- 
tion of the outbound pass the low-energy 
electron detector recorded a much high- 
er flux when it faced parallel to the mag- 
netic field than when it faced per- 
pendicular. We think that this may be a 
manifestation of L-shell splitting (10) 
brought about by the change of the mag- 
netic field geometry from highly com- 
pressed on the noon side to elongated at 
dawn. If this hypothesis is correct, quan- 
titative modeling may tell us something 
about the field configuration in regions 
not sampled by the spacecraft. 

Throughout the flyby, the pitch angle 
distributions underwent remarkable 
changes and, as shown by Trainor et al. 
(II), these changes varied with energy. 
Figure 4 shows the behavior of electrons 
in one energy range. If one ignores the 
noisy patches of data, one can see that 
the phase 0* tends to fall at either 0° or 
90°, representing field-aligned (dumbbell) 
and perpendicular (pancake) angular dis- 
tributions, respectively. These two pat- 
terns are familiar from both Earth and 
Jupiter, but are rarely seen to switch so 


Table 1 . Characteristics of the Pioneer 1 1 trapped radiation detector at Saturn encounter (September 1979). The detector has survived the Saturn 
radiation belt with no failures and no damage. However, because the. radiation environment of Saturn is different from that of Jupiter or inter- 
planetary space, some of our data channels count different types of particles than before. The main cause of these differences is the comparative 
absence of multi-MeV electrons at Saturn. The Cerenkov detector and channels Ml and M2 are most affected. Also, at Satum there is little 
penetrating background on channels E and S. The ratios of their counting rates reveal that the three pulse height levels on detector M all 
responded to protons > 80 MeV (Ml :M2:M3 ■ 3.3: 1.4: 1). By contrast, the signature of electrons at Jupiter was 1000: 100: 1. We could not 
measure the number of individual particles that were energetic enough to trigger the Cerenkov detector. However, inside 5 Rs the intensity of 
lower energy particles was sufficient to cause pileup; that is, several particles arriving closer together than the resolution time of the electronics 
add up to create a large pulse. The rate at which pileup events occur can be estimated by using the Poisson probability distribution function for an 
m-fold coincidence: P m =* (vr)“ exp<-vr)/m!, where r is the coincidence resolving time and v is the primary rate of the single pulses (the rate 
when r = 0). The rate of n -fold coincidences v„ is the product vP, . , of the single rate and the probability that n - 1 pulses preceded any single 
pulse to create an n-fold coincidence. Then v, * v* r* ' 1 exp<- vry(n - 1)!. By comparing the rates on the three pulse height channels and the 
total current on the CDC channel, we can tell that channels Cl and C2 count mostly pulses whose height is 13 photoelectrons and whose rate can 
be determined from the equation above. Then, from the known properties of the detector and the dimensions of the instrument housing, we 
deduce that these pulses are caused by electrons of energy > 2 MeV and that the instrument geometric factor is =» 20 cm* sr for these panicles. 
The data from detector C are taken from the CDC channel to assure linearity, with a calibration constant of 2.8 x 10“ count sec' 1 A"' derived 
from the pileup analysis given above. 


Detector name 

Chan- 

Discrimination 

Particle 

Geometric 

and description 

nel 

level 

selectivity 

factor 

Cerenkov counter: 

Cl 

> 3 1 photoelectrons 

Pileup of 2-MeV electrons 

20 cm’ sr 

Water-methanol radiator (index 

C2 

> 65 photoelectrons 

Pileup of 2-MeV electrons 

20 cm 3 sr 

of refraction, 4/3) monitored by 

C3 

> 135 photoelectrons 



a photomultiplier tube with pulse 
and current output 

CDC 

10'“ - 10' s A 

> 2-MeV electrons 

7.3 x 10'“ A e' 1 cm 3 sec sr 

Electron scatter counter. 

El 

> 0.089 MeV 

> 0.16-MeV electrons 

1.3 x I0- 3 cm 3 sr 

Silicon surface barrier diode 

E2 

>0.19 MeV 

> 0.255-MeV electrons 

1.04 x 10* 3 cm 3 sr 

detector with a crooked aperture 
to admit scattered particles only 

E3 

> 0.40 MeV 

> 0.460-MeV electrons 

5.7 x 10~ 3 cm 3 sr 

Minimum ionizing panicle counter 

Ml 

> 0.40 MeV 

> 80- MeV protons 

0.038 cm 3 

Silicon surface barrier diode 

M2 

> 0.85 MeV 

> 80- MeV protons 

0.027 cm 3 

detector inside omnidirectional 
shielding (8 g cm' 1 ) 

M3 

> 1.77 MeV 

> 80-MeV protons 

0.021 cm 3 

SP scintillator: 

SPDC 


> 100-keV protons 

7.4 x 10 -33 A eV' 1 cm 3 sec sr (p) 

Zn-S (Ag) phosphor (thickness. 
1.5 mg cm' 1 ) monitored by a 
vacuum photodiode 


10-“ - 10-’ A 

> 10-keV electrons 

7.4 x 10" 33 A eV' 1 cm 3 sec sr (e) 

SE scintillator. 

SEDC 


> 100-keV protons 

2.0 x 10 -“ a eV' 1 cm 3 sec sr (p' 

Plastic scintillator (thickness. 


10'“ - 10' s A 

> 10-keV electrons 

1.4 x [O' 33 A eV' 1 cm 3 sec sr (e') 

1.5 mg cm' 1 ) monitored by a 
vacuum photodiode 
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frequently or to have such large ampli- 
tudes. Information about this interesting 
behavior may ultimately be utilized in 
testing different physical mechanisms 
operating in Saturn's magnetosphere at 
the time of the encounter. 

As the spacecraft approaches Saturn, 
the particle intensities increase, the 
spectrum hardens, and the higher energy 
channels are activated (this trend can be 
seen in Fig. 2). These are the character- 
istics of the usual pattern, in which parti- 
cles 'are injected from the solar wind at 
the Outer boundary and diffuse inward, 
breaking the third adiabatic invariant and 
conserving the first two (12). 

However," at ~ 6 R s there is an unex- 
pected. loss of low-energy particles (elec- 
trons and protons of < - 0.5 MeV). Be- 
cause this feature occurs outbound as 
well as inbound, and because these parti- 
cles appear to be permanently lost inside 
this distance, we believe that this is a 
spatial boundary rather than a temporal 


feature. We do not know the cause for 
the loss of these particles: possibilities 
include sweeping by the several known 
moons that orbit at and below this dis- 
tance, absorption by a very tenuous ma- 
terial ring, and pitch angle scattering of 
the trapped radiation into the planetary 
loss cone by increased hydromagnetic 
wave activity. We note, however, that 
the electron pitch angle distribution 
turns from dumbbell-shaped to pancake- 
shaped where the losses begin (Fig. 4). 
Two of the suggested mechanisms, pitch 
angle scattering and absorption by a ring, 
would be expected to produce isotro- 
py — not what is observed. 

This low-energy particle cutoff is the 
boundary that we chose to separate the 
outer and inner regions of the magne- 
tosphere. The inner region contains the 
higher energy particles that survive this 
hazard. These particles meet their fate 
at the outer edge of the visible ring sys- 
tem. As their bouncing motion causes 


the trapped particles to cross and recross 
the ring plane every few seconds, the op- 
tical depth of the ring material is multi- 
plied by the number of particle bounces, 
and this product reaches unity before the 
trapped particles can diffuse past the ob- 
stacle. Only the two low-energy scintilla- 
tors (the S detectors) recorded any sub- 
stantial signal inside the outer edge of 
the A ring, but we believe that this 
signal was not caused directly by trapped 
radiation. The most likely explanation 
is that the thin cover foil was broken 
and the detectors responded to sunlight 
reflected by the rings and planet. Al- 
ternatively, they could have been sens- 
ing x- or ultraviolet radiation created 
by particle bombardment of the ring 
material. 

A very strange feature, shown in Fig. 
2, is a lack of symmetry in particle in- 
tensities between inbound and outbound 
passes. The intensities are significantly 
different and, equally remarkable, the 


17 14 10 6 2 2 6 10 14 18 22 



Fig. 2. Equatorial profiles of locally mirroring particles. The magnetopause crossing is marked MP. The orbits of Saturn's moons Rhea. Dione. 
Tethys, Enceladus, and Mimas are marked by R. D, T„ E. and M. respectively. As the spacecraft spins and the viewing orientation of the trapped 
radiation detector is perpendicular to the spin axis, the detectors direct perpendicular to the magnetic field line twice during each spacecraft 
revolution. The intensity in this direction — that is, the directional flux of particles with 90° pitch angle, is shown here. (A) Electron intensities 
above four energy thresholds. The trace labeled SDC is a linear combinator of SPDC and SEDC outputs chosen to give the intensity of electrons 
only. As the detector is calibrated for energy flux (eV cm" 1 sec" 1 sr"'), an average energy of 15 keV was used to convert to number flux (cm' 1 
sec" 1 sr*'). (B) Energy flux of protons above 100 keV. The trace is a linear combination of SPDC and SEDC outputs chosen to give the intensity 
of protons only. The detection threshold is approximately 2 x 10* eV cm' ! sec"' sr"'. (C) Electron intensity profiles at different pitch angles in the 
differential energy range 150 < E, < 250 keV. Also shown are the spin-averaged intensity and the intensity at the minimum pitch angle sampled. 
The differential energy band is a weighted difference between the outputs of two integral channels. For L < 6 Rs the difference is smaller than the 
statistical uncertainty in the integral channels, and the result is large amplitude random noise. These fluctuations are easily recognized and should 
be ignored. 
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asymmetry is different for different parti- 
cles. For electrons from 0.5 to 2 MeV 
just outside the visible rings, the fluxes 
are higher inbound than outbound by a 


factor of about 2. For ~ 0.2-MeV elec- 
trons and ~ 150-keV protons at 6 R s , the 
flux is higher outbound than inbound. 
However, for — 15-keV electrons at 6 


R s , the flux is higher inbound than out- 
bound. Finally, although it is not shown 
in Fig. 2, the flux of 80-MeV protons just 
outside the rings is the same inbound and 
outbound. Since there are no magnetic 
field differences to account for these 
asymmetries (3), some combination of 
time variations in the radiation belts, 
large spatial electric fields, and elec- 
trostatic charge on the spacecraft (13) 
may explain these effects. 

Figure 5 shows major features of Sat- 
urn’s inner magnetosphere, constructed 
from data obtained during the Pioneer 1 1 
inbound pass (a schematic of the trajec- 
tory is given in Fig. 6). The dis- 
appearance of trapped radiation at the 
outer edge of the rings has already been 
noted. However, the structure in this 
cutoff is a new and highly meaningful 
feature. The dip at 2.35 R s confirms the 
discovery by the Pioneer 11 imaging 
photopolarimeter team (4) of a new ring, 
dubbed the F ring. The relative maxi- 
mum to the left of this dip shows the pro- 
file of the interval between the A and F 
rings that was named the Pioneer divi- 
sion by Gehrels et al. (14). Broad absorp- 
tion dips appear in the proton profile at 
the orbit of Mimas and at another posi- 
tion that is marked 1979 S 2. This latter 
evidently marks the orbit of one or more 
objects that may have been sighted pre- 
viously, but whose orbital elements were 
too uncertain or inaccurate to permit 
positive identification (15). 

There is a clear distinction between 
the profiles of the electron intensity (£, 
> 0.05 MeV) and of the proton intensity 
(£ 0 > 80 MeV). The electrons seem to be 
enjoying the same advantage, against 
being swept up by these objects, that we 
observed previously at the orbit of lo in 
the Jupiter radiation belts (16). A combi- 
nation of the corotational electric field 
and the curvature and gradient of the 
magnetic field gives them a drift velocity 
that is nearly synchronous with the Kep- 
lerian periods of the orbiting bodies. 
Thus they have a low probability of en- 
countering the objects while radial dif- 
fusion carries them past their orbits. As 
the protons are carried in the opposite di- 
rection by the magnetic field curvature 
and gradient drifts, the probability of 
their having an encounter is enhanced. 
The sweeping of the protons appears to 
be complete at Mimas and 1979 S 2. 
whereas the reduction of the electron in- 
tensity appears negligible. 

The spike marked 1979 S 2. one of the 
most remarkable events of the flyby, is 
shown in high time resolution in Fig. 7. 
For an interval of just 9 seconds, the 
counting rates of our detectors fell to — 1 
percent of the neighboring values [simi- 



PITCH ANGLE DISTRIBUTIONS 
ELECTRONS 150 < E« < 250keV 
UCS0 DETECTOR El - 1.25 • £2 



I.Or 


=C°0.5r 

<t ^ 


i, 


*1 \ 
rf.'i} *ii 


h.?h j 

.. I .V i 


12 

L 


■* v r __ 

16 ' ' 20 



Fig. 4. Analysis of the angular distributions of electrons in the energy range 150 < E, < 250 keV. 
As in Fig. 2C, the weighted difference of two integral channels creates a differential energy 
passband centered at 200 keV. This technique reduces ambiguity when the angular distributions 
are energy-dependent. The data have been analyzed by a least-squares fit to the function A (8) 
=Ao + A, cost# - #,) + A. cos 2(8 - # s ) + A, cos M8 - #,). where 8 is measured from the 
projection of the magnetic field vector onto the spin plane. The phase ranges from -90° to 90° 
only, and the vertical scale wraps around at these limits to show the data twice and avoid cutting 
the pattern. We caution that A t /Ao and 8, tend to be random when A, is too small to be statisti- 
cally significant. In some cases (for example, for L < 5 Rs), A, fails this test because of statisti- 
cal errors from the integral channels. 


428 


SCIENCE. VOL. 207 




/76 



Fig. 5. Absorption features of Saturn's rings and satellites. This graph exhibits data from detectors G and M; all three channels of each are used to 
gain time resolution. To normalize them to channel El, we multiplied the channel 3 counting rates by 2.8 and the E2 rates by 1.25, their relative 
efficiencies for electrons > 0.5 MeV. Detector E is directional, and the maximum and minimum readings from each electron sample have been 
plotted and labeled perpendicular and parallel, respectively. The bottom trace was made from normalized M detector data. Since the detector 
response is nearly isotropic, every reading is shown regardless of orientation. This detector responds to electrons > 10 MeV and protons > 80 
MeV, the particles being identified by the three channels of pulse height information. The electron component contributes from 30 to 70 count sec' 1 
to channel Ml. To show the proton profile below L * 3, electrons have been deducted from channel Ml by subtracting 0.0072 times the 
perpendicular E detector rate and from channel M2 by subtracting 0.0015 times the same rate (M3 needs no subtraction). After this correction, 
channels M2 and M3 were normalized to Ml by multiplying by 1.4 and 3.3, respectively, their relative efficiencies for protons. For L > 3, no 
subtraction was performed before scaling the channels. At the position of Mimas, a drop-os' in the proton profile is shown by channel M3 (■ — ■). 
The flat electron profile is visible in channel M 1 (x), and the pulse height signature of electrons can be seen during the proton drop-oS. In the dip at 
1979 S 2, electrons are subtracted and all the normalized data are connected by a line to emphasize the proton drop-off. 


lar effects were registered by the other 
charged particle instruments as well 
(17)}. Outside the sharp minimum, the 
electron flux shows no sign of depletion 
and the proton flux is in the middle of a 
broad depression. The only explanation 
for such a sharp effect is that Pioneer 1 1 
crossed through, or very close to, the 
flux tube connected to a large orbiting 
object. The object is being called 1979 S 
2, even though it is probably identical to 
the object sighted shortly before by the 
Pioneer 11 imaging instrument (14, 15). 
Since the planetocentric radial velocity 
of the spacecraft is 16.4 km/sec at this 
position, the diameter of 1979 S 2 can be 
taken to be at least 150 km. It could be 
larger if the electron drop-off is the cross 
section of a wake that had begun to fill 
in, or if Pioneer 1 1 went through the flux 
tube connecting to 1979 S 2 but missed 
the major diameter. 

The orbit of 1979 S 2 may be eccentric, 
since the electron drop-off is noticeably 
not in the center of the proton absorption 
zone. Using 2 ae for the sweeping width 
of an eccentric orbit, where a is the semi- 
major axis and e is the eccentricity, one 
can deduce that a = 2.52 £ 0.01 R s and 
e = 0.010 ± 0.002 R s . These values 
could change if the magnetic field is 
shown to have a significant offset. How- 
ever, this reasoning is confirmed at the 
Mimas orbit, where the width of the 
proton sweeping zone, 0.12 ± 0.02 R s , 


yields e >» 0.02 ± 0.003 R s , which 
agrees with tabulated values (18). On the 
other hand, if we restrict the orbit of the 
new satellite to perfect circularity, then 
more than one satellite may contribute to 
the sweeping of the 80-MeV protons in 
this region (17). 

One can also make quantitative infer- 
ences about the F ring from trapped radi- 
ation measurements. In Fig. 5, the posi- 
tion and width can be read as 
2.35 ± 0.005 R s and £ 0.02 R s , respec- 
tively. Bounds can be placed on the total 
cross-sectional area, mass, and opacity 
by comparing the sweeping rate of the 
ring with that of 1979 S 2 and Mimas. We 
use a statistical sweeping model in which 
loss rate -dn/dt is proportional to par- 
ticle density n times some probability p 
of absorption per unit of time t : 



We picture the ring as an annulus of 
width W containing a randomly spaced 
collection of small objects whose cu- 
mulative cross-sectional area is given by 
A. Every time a trapped particle crosses 
the equator, its chance of hitting one of 
the objects is A/(2tr 2.35 R s WO. Thus 


K T b 2 tt 2.35 R s W ' ’ 

where r„ is the particle’s bounce period. 
Equation 1 expresses the loss rate during 


the time it takes the particle to diffuse 
across the ring; that is, from t = 0 to 
t = W/V, where V is the particle's radial 
diffusion velocity. Integrating Eq. I be- 
tween these limits and using Eq. 2. we 
obtain 

A ** —In ~ 2ir 2.35 R s V (3) 

where n/n 0 is the fraction of particles 
that diffuse safely past the hazard. 

All the parameters on the right-hand 
side of Eq. 3 arc known except V, which 
we obtain by analysis of absorption at 
the moons. However, for moons the lon- 
gitudinal distribution of absorbing mate- 
rial is not random: the particle and moon 
meet only when their relative azimuthal 
motion brings them past the same longi- 
tude. Hence 



(2. 19) where d cf( is the sum of the 
moon's diameter d plus twice the par- 
ticle's gyroradius r,, P is the moon's pe- 
riod in the drift frame of the particles, 
and L is an arbitrary radial diffusion 
length >> d fn . 

Using Eq. 4 and integrating Eq. I 
as before from / = 0 to t = L/V. we 
obtain 


P In (n//to) 
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Table 2. Diffusion velocities past Mimas and 1979 S 2. 


Parameter 

Electrons (— 

1 MeV) 

Protons (— 

80 MeV) 

Mimas 

1979 S 2 

Mimas 

1979 S 2 

r, (km) 

6.4 

3.5 

1770 

940 

d (km) 

400 s 100 

> 150 

400 £ 100 

> 150 

</,<r(km) 

410 

> 160 

3950 

5 2040 

P (hours) 

100 

300 

0.2 

0.25 

nln. 

> 19/20 

> 19/20 

< 1/400 

< 1/1500 

V (cm sec" 1 ) 

> 2.2 x 10» 

> 280 

< 9.2 x 10* 

s 3.1 x 10* 

V ( R , yea r') 

> 11 

> 1.4 

< 460 

s 160 


Note that L cancels out of the result. Be- 
cause there appears to be complete 
transmission of electrons and complete 
absorption of protons, we can only give 
limits for the fraction of particles that 
survive, and we can only deduce limits 
on the radial diffusion velocities. Table 
2 shows some of the parameters and 
results of Eq. 5 for 1-Mev electrons 
and 80-MeV protons at Mimas and 1979 
S 2. 

At the F ring there appears to be com- 
plete absorption of protons and — 90 
percent absorption of electrons. Because 
the protons are diffusing immeasurably 
slowly, an infinitesimal amount of mate- 
rial might be enough to stop them; but 
the lower limit on the electron diffusion 
velocity tells us that at least enough ma- 
terial is present to absorb electrons that 
are diffusing into the ring at this rate. 
Thus Eq. 3 gives a lower limit for the 
cross-sectional area of the F ring. By us- 
ing n/n<, = 10 percent, 7j, = 2.5 sec- 
onds, and the limit on V at 1979 S 2, we 
get, for the cross-sectional area of the F 
ring, A > 7 x to 13 cm 3 . If the ring parti- 
cles are uniform with radius h centime- 


ro sun 

t 

WON 



ters and density p grams per cubic cen- 
timeter, the total mass of the ring is at 
least > 1 x 10 U p h grams. The opacity 
depends on the radial width over which 
the ring material is distributed. Since the 
ring occupies the space 2ir 2.35 R s 
W = 9 x I0 10 W cm 2 , the opacity r is 
bounded by r > 10VVV, where W is in 
centimeters. By using the upper limit to 
W obtained from Fig. 5, we find a lower 
bound of > 10~ 3 for t. 

In summary, then, our charged par- 
ticle data give the following physical pa- 
rameters for the new satellite 1979 S 2 
and the F ring: for object 1979 S 2, the 
semimajor axis = 2.52 ± 0.01 R s , eccen- 
tricity = 0.010 ± 0.002, and diame- 
ter £ 150 km; for the F ring, the semi- 
major axis = 2.35 R s , width < 10* cm, 
area > 7 x 10 13 cm 2 , mass > 1 x 10 14 p 
h grams, and opacity > lO 3 /^. 

There may be evidence for still more 
moons (17, 20). For instance, close in- 
spection of the traces in Fig. 5 reveals a 
slight concavity in the proton contour at 
— 2.8 R s — the position given for an ear- 
lier, unconfirmed, sighting of a moon 
tentatively called Janus. This feature is 
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Fig. 6 (left). Trajectory of Pioneer II through channel ci ui channel ei 

the inner magnetosphere of satum. Fig. 7 .qa . I ,q. 

(right). Actual and expected profiles of the spacecraft time (seconds after .4 511 

1979 S 2 absorption event. Each reading from 

the UCSD instrument is shown for this interval, during which the internal commutator cycled 
through three channels — Cl. Ml. and El. Each reading is a 1.5-second accumulation and is 
represented by the stepped bar graph. The Ml value was zero. The dashed line shows the 
counting rates expected on the basis of the neighboring readings. The expected profile of chan- 
nel E 1 reflects the spin modulation of the directional detector in a pancake angular distribution. 


more prominent on the outbound pass, 
and could be due to sweeping by an or- 
biting object. However, the object must 
be tiny to produce such a small effect 
compared to those of Mimas and 1979 S 
2. and it seems questionable that such an 
object would have been visible from 
Earth. 

The apparent total absorption of 80- 
MeV protons by Mimas and 1979 S 2 
presents an interesting paradox. If the 
protons of the inner magnetosphere 
come from the inward diffusion of solar 
wind particles, how do any get inside 
these totally absorbing barriers? Two 
possible explanations are: (i) the inner 
region is filled during times of higher 
particle mobility — such as magnetic 
storms — and (ii) the protons are created 
in place. The possibility that the particles 
come from the decay of albedo neutrons 
created by collisions of cosmic rays with 
the upper atmosphere and rings of Satum 
should be investigated. Called CRAND 
for cosmic-ray albedo neutron decay, 
this mechanism is one of the first that 
was proposed to explain the high-ener- 
gy component of Earth's radiation belt 
( 21 ). 

For CRAND to be an adequate source 
of protons, the injection rate must be 
equal to the loss rate. The loss rate is 
(7p/v)/T p, where T„ is the proton trap- 
ping lifetime, J T is the trapped proton 
flux, and v is the proton's velocity. If ab- 
sorption by the moons is the dominant 
loss mechanism, then T a = T d , the aver- 
age time it takes to migrate to one of the 
sweeping channels. Treating the pro- 
ton’s radial motion as a random walk, 

T _ <^ 2 > 

Ti ~ 2D (6) 

where (XL 2 ) is the mean squared dis- 
placement and D is the diffusion coeffi- 
cient (22). The value for (XL 2 ) can be 
taken from the width of the region be- 
tween Mimas and 1979 S 2, and we can 
use Fick’s law (23) to obtain the diffusion 
coefficient 


d(\nn)/dL 

By using 0.04 and 0.02 R s for 
(^(In n)/dL]~' at Mimas and 1979 S 2, 
and taking V from Table 2, we get 
D < 6 x 10- 7 and D < lx I0" r R s 2 
sec' 1 , respectively. Then, for protons 
between Mimas and 1979 S 2, T d > 1 
day to 1 week. 

The injection rate is ( J n /v)lT „ , where 
T„ is the neutron decay lifetime. /„ is the 
albedo neutron flux, and the neutron's 
velocity is the same as the proton's. Set- 
ting the injection rate equal to the loss 
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rate gives an expression for the proton- 
trapping lifetime that balances the 
CRAND source: 

r P = r„ (8) 

At 2.7 R s , the proton flux above 80 
MeV is ~ 2 x 10 4 cm' 1 sec' 1 and the 
neutron lifetime is 13 minutes. It is pos- 
sible to calculate the neutron albedo flux 
at Saturn, but such an effort is beyond 
the scope of this report. To test the rea- 
sonability of our speculation, we merely 
write J n as some factor F times the al- 
bedo neutron flux at Earth. The latter is 
~ 0.1 cm' 1 sec' 1 for neutrons above 80 
MeV Q4), so we obtain, for the proton 
trapping lifetime that balances the 
CRAND source, T = - 7.5/F years. If 
F is of the order of unity, this number is 
easily compatible with the diffusive loss 
time T d . However, a more satisfying 
comparison must await a more extensive 
calculation. 
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University of California, San Diego, 

La Jolla 92093 

W. H. Ip 

Max-Planck-lnstitut fur Aeronomie, 
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Very Energetic Protons in Saturn’s Radiation Belt 

Walker Fillius and Carl McIlwain 

Center for Astrophysics and Space Sciences, University of California at San Diego 
La Jolla, California 92093 

Very energetic protons are trapped in the inner Saturnian radiation belt The University of California 
at San Diego instrument on Pioneer 1 1 has definitely identified protons of energy >80 MeV on channel 
M3 and has tentatively detected protons of energy >600 MeV on channel C3. The spatial distribution of 
the protons is distinct from that of the trapped electrons, the main difference being that the protons ate 
strongly absorbed by the innermost moons and that the electrons are not. We have estimated the source 
strength for injecting protons by the decay of cosmic ray albedo neutrons generated in the rings of Sat- 
urn. The required proton lifetime is -20 years. 


Introduction 

The first spacecraft encounter with Saturn was made in 
September 1979 by Pioneer 11. Preliminary scientific papers 
resulting from this flyby were written wi thin 10 weeks and 
published together in the January 25, 1980, issue of Science. 
This collection provides an excellent overview of the discov- 
eries made by Pioneer 1 1 and an introduction to further inves- 
tigations. 

One such investigation concerns the trapping of very ener- 
getic protons. We identified protons of energy greater than 80 
MeV in the inner magnetosphere [Fillius et aL, 1980] and sug- 
gested that they may have originated with the decay of albedo 
neutrons formed in collisions between cosmic rays and the 
rings and upper atmosphere of Saturn. It is known that this 
mechanism, which bears the acronym Crand, operates on the 
polar atmospheres of earth to produce a high-energy proton 
belt in the inner magnetosphere [White, 1973; Lingenfelter, 
1976], The extrapolation of this mechanism to Saturn seems 
promising because the location of the rings and the large di- 
mensions of the Saturnian magnetosphere are ideal for pro- 
ducing high trapping efficiencies. On the other hand, the large 
magnetic moment of Saturn [Acuna and Ness, 1980; Smith et 
aL, 1980] allows fewer cosmic rays to penetrate to the planet’s 
surface than is the case at earth. The upper atmosphere prob- 
ably contains relatively few intermediate Z nuclei, such as ox- 
ygen, which are favorable for neutron production. The planet 
itself may thus be only a weak source in comparison with the 
rings. 

An alternate mechanism for producing these particles is by 
low-energy injection in the outer magnetosphere followed by 
inward radial diffusion and acceleration via breakdown of the 
third and conservation of the first and second adiabatic in- 
variants [Schulz and Lanzerotti, 1974], The problem with such 
an external source is that the high-energy proton belt appears 
to be separated from the outer magnetosphere by gaps at the 
orbits of moons 1979-S2, Mimas, and possibly Enceladus, 
Tethys, and the E ring as well The absence of energetic pro- 
tons in those gaps indicates that the moons patrol their orbits 
efficiently and sweep up protons which start to diffuse across. 
Hence the high-energy proton belt is isolated from its sup- 
posed source. 

In order to fuel the debate over the source of these particles, 
this paper reexamines the evidence that high-energy protons 
are trapped in the inner magnetosphere. There are three lines 
of argument. In part one we compare different channels from 

Copyright © 1980 by the American Geophysical Union. 


our instrument and show that there are two distinctly different 
radial profiles which characterize electrons and protons sepa- 
rately. In part two we exhibit pulse height data from a solid 
state detector (detector M) which possesses particle identifica- 
tion capability. In part three we show differences between 
eastbound and westbound fluxes measured perpendicular to B 
by our directional Cerenkov detector. This east-west effect is 
caused by large spatial gradients in the distribution of parti- 
cles with large gyroradii, Le„ high-energy protons. Of course, 
proving that high-energy protons are present does not identify 
their source, but a good description of the proton distribution 
is an essential first step. Finally, in part four, we estimate the 
Crand source rate and obtain a critical lifetime for the ener- 
getic protons if they do come from neutron decay. Knowledge 
of the proton lifetime could then decide their source. A solu- 
tion to that question may come later. 

Radial Profiles 

Figures la and \b show radial profiles, inbound and out- 
bound, from detector E and channels CDC and M3 of the 
University of California at San Diego (UCSD) trapped radia- 
tion detector. (Table 1 gives a brief summary of the character- 
istics. More descriptive information can be found in the paper 
by Fillius and McIlwain [1974].) A difference in character be- 
tween channels is obvious. The profiles for detector E and 
channel CDC have an even, monotonic L dependence except 
where the radiation is absorbed by the A and F rings. The 
profile from channel M3 falls off more steeply with increasing 
L and has large dips at the orbital positions of 1979-S2 and 
Mimas, separated by intermediate maxima. There are two 
classes of particles: one which has very little interaction with 
the moons, and another which is swept clear of the moons’ or- 
bital paths. The detector design and response characteristics 
identify the former as electrons of about 1-MeV energy and 
the latter as protons of above 80-MeV energy. 

The difference in profiles is explained by the relative sweep- 
ing probabilities of the two particle types. In general, sweep- 
ing probability is proportional to the difference between the 
particle’s drift frequency 1/7V and the moon’s orbital fre- 
quency l/T,; Le., the relative frequency 1/T„i with which 
their azimuthal motions carry them past each other. A par- 
ticle's drift frequency is made up of two components: the drift 
motion caused by the gradient and curvature of the magnetic 
field, 1 /T„ and the drift motion Imposed by the corotational 
electric field, \/T r The magnetic field drift is in the prograde 
sense for protons and in the retrograde sense for electrons. By 
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Fig. lb 

Fig. 1. Radial profiles for energetic electrons (channels El, E2, E3, and CDC) and energetic protons (channel M3) in 
Saturn’s inner magnetosphere, (a) Pioneer 1 1 inbound pass. ( b ) Pioneer 1 1 outbound pass. 

representing prograde motion with a positive period and ret- proportions depending upon their relative sensitivities to the 
rograde motion with a negative period one can write different kinds of particles. 

1/T«, - l/T„-l/T K ~ 1/T.+ \/T m — 1/7V (1) Particle Identification by Pulse Height Spectra 

Taking 10 h 39.9 min for T, [Kaiser et aL, 1980] and using a Figure 2 shows data from detector M. Besides illustrating 
dipolar magnetic field to compute T„ one obtains the relative the linear combination of electron and proton responses in the 

periods shown in Table 2. For a radially diffusing particle to first two channels, it demonstrates the particle identification 

avoid being swept by a moon, it must move a radial distance capability of the detector based upon pulse height informa- 

equal to the moon’s diameter plus two particle gyro radii in tion. Ch ann els Ml, M2, and M3 represent the count rates 

less time than the relative period T M . Thus the gyro radii of from three pulse height discriminators connected to a solid 

the particles add to the difference in their absorption rates. state detector buried inside 8 g cm' 2 of omnidirectional 

These quantities are also shown in Table 2. shielding. Discriminator Ml is set just below the minimum io- 

Including both of these effects, the expected difference in nizing threshold, so that it counts virtually all particles, elec- 

absorption rates of 1-MeV electrons and 80-MeV protons is a trons and protons, that can penetrate the shielding. The ratios 

factor of 10*. This large difference evidently allows the elec- of the discrimination levels. Ml: M2: M3, are 1:2.12:4.5, 

trons to fill the moons’ orbits, but not the protons. which puts discriminator M3 above the maximum expected 

Radial profiles intermediate between the two types shown energy loss for an electron but not above that for a proton, 

in Figure 1 are obtained by detector channels which are sensi- Thus M3 is insensitive to electrons, but its efficiency for pro- 

tive to both electrons and protons. Channels Ml and M2 of tons is a substantial fraction of that for channel Ml. 

our instrument illustrate this type of profile (see Figure 2), as The ratios of counting rates among these channels are an 
do several of the other detectors aboard Pioneer 1 1. Their out- effective diagnostic of particle type. In Figure 2 the ratios M3/ 

puts are simply linear combinations of the two types, with Ml and M2/M1 have binary distributions: that is, the ob- 
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TABLE 1. Characteristics of the UCSD Pioneer 1 1 Trapped Radiation Detector at Saturn Encounter, 


September 1979 

Channel 

Discrimination 

Particle 

Geometric 

Name 

Level 

Selectivity 

Factor 



Cerenkov Counter * 


Cl 

>31 photoelectrons 

pileup of -2- MeV electrons 

20 cm 1 sr 

C2 

>65 photoelectrons 

pileup of ~2-MeV electrons 

20 cm 1 sr 

C3 

>135 photoelectrons 

65z>E r 9 140-MeV protons 

0.002 cm 1 



>600-MeV protons 

1.5 cm 1 sr 

CDC 

10-‘-10“ 5 A 

>~2-MeV electrons 

7J x 10~ 14 A e' 1 cm 1 s sr 



Electron Scatter Counterf 


El 

>0.089 MeV 

>0.16-MeV electrons 

1.3 X 10' 1 cm 1 sr 

E2 

>0.19 MeV 

>0.255-MeV electrons 

1.04 x 10“ 1 cm 1 sr 

E3 

>0.40 MeV 

>0.460-MeV electrons 

5.7 x 10" 1 cm 1 sr 


Minimum Ionizing Particle Counter^ 

Ml 

>0.40 MeV 

>80-MeV protons 

0.038 cm 1 

M2 

>0.85 MeV 

>80-MeV protons 

0.027 cm 1 

M3 

>1.77 MeV 

>80-MeV protons 

0.012 cm 1 



SP Scintillator § 


SPDC 

lO-'MO' 5 A 

>100-keV protons 

7.4 x I0' a A eV' 1 cm 1 s sr (p) 



>10-keV electrons 

7.4 x 10' a A eV'‘ cm 1 s sr (e) 



SE Scintillator ^ 

2.0 x 10' 14 A eV' 1 cm 1 s sr (p*) 

SEDC 

!0' ,4 -I0' 5 A 

>100-keV protons 



>IO-keV electrons 

1.4 x 10- a A eV' 1 cm 1 s sr (e') 


'Uses a water-methanol radiator (index of refraction, {) monitored by a photomultiplier tube with 
pulse and current output 

fA silicon surface barrier diode detector with a crooked aperture to admit scattered particles only. 

£A silicon surface barrier diode detector buried inside 8-g m~ 2 omnidirectional shielding. 

§A scintillator composed of Zn S (Ag) phosphor having a thickness of 1.5 mg cm' 1 and being mon- 
itored by a vacuum photodiode. 

1A plastic scintillator having a thickness of 1.5 mg cm' 1 and being monitored by a vacuum photo- 
diode. 


served values cluster near one or the other of two levels. The 
low values near the orbits of Mimas and I979-S2 are charac- 
teristic of electrons, and the high values in between are char- 
acteristic of protons It is evident in Figure 1 that there are 
electrons present between the moons’ orbits also, but as the 
proton counting rate is much higher here, the ratio still in- 
dicates protons in these regions. Beyond 3.8 Saturn radii (R s ) 
the ratios become erratic because of poor counting statistics 

The ratios obtained here in the Saturnian radiation belt are 
the same as those obtained with an identical instrument in the 
proton beam of the synchrocyclotron at the Space Radiation 
Effects Laboratory in Newport News Virginia, and the beam 
of the electron linac at Intelcom Radtek in San Diego, Cali- 
fornia. Thus the pulse height distributions completely verily 
the identification of radial profiles in the previous section. 

East-West Effect 

The third line of evidence for energetic protons in Saturn’s 
inner magnetosphere is based upon east-west anisotropies de- 
tected by channel C3 of our Cerenkov detector. Right-left 
asymmetry is present in the channel C3 data below L *■ —3. 
(Beyond 3 R s the counting statistics are too poor to show it.) 
Figure 3 shows the spacecraft trajectory and the viewing ge- 
ometry projected onto the magnetic equatorial surface, and 
Figures 4a and 46 exhibit the east-west anisotropy inbound 
and outbound. 

First let us explain the viewing geometry. Detector C is 
mounted perpendicular to the spin axis of the spacecraft. The 
spin axis points to earth, for communications purposes, and 
since the earth happened to be near the Saturnian vernal 
equinox during encounter, the scan plane was almost per- 


pendicular to Saturn’s equator. Because Saturn’s magnetic di- 
pole axis nearly coincides with its spin axis, the scan plane 
was almost perpendicular to Saturn’s magnetic equator as 
well. The instrument commutator monitors channel C3 con- 
tinuously for 12 s, obtaining 8 accumulations of 1.5 s each, 
and then scans other c hann els for the next 96 s. Since the 
spacecraft spin period is 7.7 s, the angular distributions are as 
nearly instantaneous as possible. However, the angular resolu- 
tion is poor, because the detector sweeps through 70° during 
each accumulation. (The intended spin period was 12 s. Pio- 
neer 1 1 made its Saturn encounter at the higher spin rate ow- 
ing to the failure of a despin thruster.) 

Sample angular scans appear in Figures 4a and 46. The dis- 
tributions lean noticeably either to the left or to the right. This 
trend is verified by the profiles, which show the counting rate 
interpolated to 90° pitch angle in the east-looking and west- 
looking directions. 


TABLE 2. Times and Distances Relevant to the Absorption of 
Particles by 1979-S2 and Mimas 


Parameter 

1979-S2 (Z52 R s ) 

Mimas (3.10 R s ) 

Protons 
(80 MeV) 

Electrons 
(1 MeV) 

Protons 
(80 MeV) 

Electrons 
(1 MeV) 

<4 km 

150 

150 

400 

400 

T k , hour 

16.8 

16.8 

22.6 

22.6 

T„ hour 

10.7 

10.7 

10.7 

10.7 

T„ hour 

0.24 

-27.2 

0.19 

-22.2 

Tj, hour 

0.23 

17.6 

0.19 

20.6 

T™t. hour 

0.23 

-386 

0.19 

228 

P», km 

940 

3.5 

1770 

6.4 

km 

2030 

160 

3940 

410 
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Fig. 2* 

Fig. 2. Data from detector M. The top panel shows the counting rates from each channel, Ml, M2, M3, and the bottom 
panel shows the ratios of the rates from the channels indicated, (a) Pioneer 1 1 inbound pass, (b) Pioneer 1 1 outbound pass. 


The polarity of the east-west anisotropy follows a pattern 
with certain key features: (1) The dominant direction changes 
at or near the peak intensity. (2) The polarity reverses be- 
tween inbound and outbound passes. (3) In features 1 and 2 
mentioned above, the polarity is what one expects from posi- 
tive particles. There is little likelihood that such a pattern 
came about by chance. Channel C3 is evidently counting 
high-rigidity positive particles. Because heavy nuclei would 
probably not have enough energy to penetrate the detector 
housing, we take these particles to be protons. 

The quantitative evaluation of these features may be under- 
taken with reference to Figure 3. The magnified portions at L 
— 2.75 inbound and outbound emphasize the difference be- 
tween the position of a proton’s guiding center and its point of 
detection. If the guiding center density changes appreciably 
over the distance of a gyroradius, a directional sensor in a 
fixed position will measure different fluxes looking right and 


looking left, because the guiding centers are oppositely dis- 
placed from the point of observation. This anisotropy can be 
calculated by using the theory of Northrop and Thomsen [this 
issue]. Figure 4 illustrates an alternate approach. By applying 
Liouville’s theorem to opposing points on a particle’s gyro- 
circle, an observer with an ideal detector expects to measure 
the same flux looking right at position A and left at position 
B. Likewise, assuming longitudinal drift symmetry, he expects 
the same flux looking right at position C and left at position 
D. The ideal sensor would be sensitive to only one energy and 
would have a narrow acceptance cone, to sample an in- 
finitesimal element of velocity space. Then the radial separa- 
tion between right- and left-looking profiles should be equal 
to the particles’ gyrodiameter multiplied by the cosine of 9, 
the angle between the spacecraft spin axis and the radial di- 
rection (see Figure 3). We have used this principle to try to 
evaluate the panicles’ energy. 
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Fig. 3. The Pioneer 1 1 trajeaory and the Cerenkov detector look directions. On the inbound leg, S was 44°, and on the 
outbound leg 37.5°. The look directions, left and right, are defined as they appear in the figure; east and west are defined as 
used by geographers. Thus on the inbound leg, left is eastward and right is westward; on the outbound leg, left is westward 
and right is eastward. 


Because of the sparsity of data the right-looking and left- 
looking intensities must be obtained by interpolating between 
data points. To perform the interpolation, we use the method 
of least squares to fit our data to a truncated harmonic series: 

c(x) ” t + b^ + c 0 + Ci sin (x) 

+ c 2 cos (2x) + e, sin (3x) H — (2) 

where t is time and x is the spacecraft roll angle measured 
from the projection of the magnetic field vector onto the scan 
plane. Cosine terms in odd harmonics and sine terms in even 
harmonics were deliberately omitted so that the function 
would be equal parallel and antiparallel to B; that is, we are 
assuming mirror symmetry about a plane perpendicular to B. 
The counting rate is interpolated to the left-looking direction 
by evaluating (2) at x ** 90° and to the right-looking direction 
by evaluating (2) at x ** 270°. Thus cfleft) - fi,r + fi 2 ri + c 0 + 
c, - c 2 - c„ and efright) — b,t + fi 2 ri + c 0 — c, — c 2 + c } . The 
east-west anisotropy appears in the odd harmonics; the even 
harmonics allow for flattening or elongation of the angular 
distribution along the magnetic field direction. Because of un- 
dersampling we must restrict the number of fitting parameters 
by truncating the series. This was also a consideration moti- 
vating our assumption of mirror symmetry. In addition to the 
undersampling difficulties, convolution of the particle distri- 
bution with the detector’s angular response and accumulation 
interval results in a severe d imin ution of the higher harmonic 
coefficients of the series. In principle, the coefficients can be 
restored by dividing them by the following factors: lx/0.9230, 
2x/0.7181, 3x/0.4516, 4x/0.1999, 5x/0.0186, and 6x/-0.0735. 


In practice, terms higher than 3x cannot be used because the 
measurement errors are amplified by the restoration process 
and can get out of hand. 

The outcome of the analysis is problematical We have tried • 
fitting different numbers of data points with various numbers 
of time and angular coefficients. (Figure 4 was constructed by 
using 24 data points per fit and truncating the series after the 
linear time term and the 3x harmonic.) Between different 
cases and within individual cases the separation between pro- 
files varies, corresponding to proton energies from 20 to 300 
MeV. The threshold for generating Cerenkov light is 480 MeV 
(at [i - i), and the effective counting threshold for channel C3 
is 600 MeV. Then there is a disagreement between the detec- 
tor energy response and our anisotropy analysis. The analysis 
has been repeated at several points, using the method of 
Northrop and Thomsen, and the results are s imilar (T. C. 
Northrop, private communication, 1979). The latter analysis 
did not assume an ideal detector, this is not the source of dis- 
crepancy. We believe the underlying difficulty is that the an- 
gular distributions and radial (equivalent to time) profiles are 
undersampled and overconvolved. It is probable that the pro- 
tons’ energy is above the Cerenkov threshold; but we cannot 
rule out the possibility that the rigidity analysis is correct and 
that the detector responded to protons below the Cerenkov 
threshold. 

It must be acknowledged that these measurements were 
made in a difficult environment. A high background of elec- 
trons (of energy E, ~ 2 MeV) was bombarding the detector, 
causing pulse pileup in channels Cl and C2 and counting 
rates in channel Cl as high as 5 x 10 3 s' 1 . These particles, 
however, do not explain the output of channel C3. In the first 
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Fig. 46 

Fig. 4. Radial profiles from channel C3 of the Cerenkov detector. The radial distance scale is proportional to R~ 2 , so 
that the gyroradius of a given particle has the same length at all distances. The right-looking and left-looking directions are 
defined as they appear in Figure 3. The inserts show angular distributions based upon 3 scans of 8 readings each. The 
crosses are the 24 time-normalized data points; the solid line shows the harmonic fit to the data (equation (2)); and the 
dashed line shows the fit after deconvolution (see teat), (a) Pioneer 1 1 inbound pass. (6) Pioneer 1 1 outbound pass. 


place, the same pileup analysts that adequately fit the channel 
Cl and C2 rates [Fillius et aL, 1980] predicts <10 -2 c/s on 
channel C3. More empirically, the angular distributions for 
channel C3 are 90° out of phase with those recorded by chan- 
nel CDC and the lower-threshold pulse channels that re- 
sponded to pileup. It is a well understood feature of the detec- 
tor that for radiation below the single-pulse threshold its cross 
section is peaked to the side, whereas for high-energy radia- 
tion it peaks in the forward direction. This argument puts an 
empirical upper limit on channel C3 pileup, at the rate re- 
corded parallel to B, where the rate was maximum for the 
lower channels. Also, the radial profile of channel C3 resem- 
bles that of our proton channel, M3, rather than that of our 
electron channels (see Figure 1). Finally, because of both their 
small rigidity and the wrong polarity, electrons cannot ac- 
count for the east- west anisotropy discussed above. Never- 


theless, it is conceivable that the electron flux could alter the 
detector's response, for instance by adding randomly to the 
pulses left by the energetic protons or by disturbing the dis- 
crimination level baseline. Also, there could be enough of a 
high-energy tail to contribute some single pulses directly to 
the counting rate. 

There is evidence for low to moderate contamination by 
electrons. In comparing Figures la and 16 note that the pro- 
ton profiles match almost perfectly but that the electron pro- 
files do not: inbound fluxes exceed outbound fluxes by a fac- 
tor which starts at -5 at L - 2.5 and decreases to unity 
beyond 3 R s . This strange asymmetry was recorded by all of 
the electron detectors in our instrument and is seen in other 
instruments as well [Simpson et aL, 1980; Van Allen et aL, 
1980]. The inbound and outbound channel C3 profiles in Fig- 
ure 4a and 46 are almost identical except for an excess of 
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counts inside L ~ 2.6 inbound. As our other evidence in- 
dicates that protons are excluded from the sweeping corridor 
of 1979-S2 at L - 2.52 and as such an asymmetry is known for 
electrons, this excess is probably due to electrons. 

Electron contamination at this level could be responsible 
for reducing the observable east-west anisotropy. In Figures 
4 a and 46 it is notable that the peaks show the largest horizon- 
tal separation — indicating higher-rigidity particles — and the 
flanks show less separation. The same difference in rigidity is 
obtained by the method of Northrop and Thomsen (T. G. 
Northrop, private communication, 1979). If electron back- 
ground does reduce the observable anisotropy, the reduction 
should be greatest on the flanks, and the best measurements 
should be at the peaks. Then this evidence bolsters the argu- 
ment for high-energy protons. 

If we are to entertain all possibilities of abnormal detector 
response, scintillation in the optical materials is another con- 
cern. We calibrated an identical unit on the synchrocyclotron 
beam at the Space Radiation Effects Laboratory and deter- 
mined that the scintillation response is very smalL Allowing 
for a gain change in the Pioneer 1 1 detector at Jupiter encoun- 
ter, we estimate the geometric factor at <0.002 cm 2 for pro- 
tons from 65 to 140 MeV. As channel M3 is sensitive to parti- 
cles in a comparable energy range, a simple comparison 
indicates that fewer than 16% of the chann el C3 counts were 
from these particles. 

Energy Spectrum 

The energetic albedo neutron spectrum at earth can be rep- 
resented by a power law; 

J„(>£) - (3) 

[Preszler et aL, 1976; Merker, 1972). Expecting no major 
change in the nuclear processes, we adopt this spectrum also 
at Saturn. To relate the neutron spectrum to the proton spec- 
trum, note that a decay proton retains essentially all the mo- 
mentum of the neutron but that the decay rate is energy de- 
pendent owing to the relativistic time dilation factor y in the 
neutron lifetime. Then the proton energy spectrum is expected 
to look like 

J^>E) - + ff/fmc 2 )] (4) 

Subsequent radial diffusion may change it, but only by a lim- 
ited amount, since the protons do not seem to cross the bar- 
riers at 2.5 and 3.1 R s . The Crand theory can then predict the 
ratio between the counting rates in channels M3 and C3. With 
the geometric factors listed in Table 1, the predicted ratio of 
0.76 closely matches the observation of -0.7 between Z, - 2.5 
and 3.1. Actually, neither the measurement nor the theory 
possesses the precision suggested by the agreement between 
these two numbers. Nevertheless, the high-energy inter- 
pretation of the channel C3 counting rate is evidently in good 
accord with Crand theory. 

The Crand Source Strength 

The Crand input to the Saturnian radiation belt can be esti- 
mated by comparing with the Crand input at earth. 

First, the cosmic ray influx will be lower because the Stoer- 
mer cutoffs are higher. Sauer [1980] compared Stoermer’s the- 
ory at Saturn and earth and pointed out a scaling law such 
that multiplying an earth-related rigidity by a factor of 6 pro- 
duces the equivalent Saturn- related rigidity. His expression 


for the cutoff rigidity at Saturn in the vertical direction is 

pc/e - 90 cos 4 \/R 2 GV (5) 

where X and R are the observer’s latitude and distance in 
planetary radii from the center of the planet and pc/e is the 
particle’s rigidity, in GV. The cutoff rigidities for particles 
moving in the eastbound and westbound directions can be ob- 
tained by multiplying the vertical rigidity by 4 and 0.69, re- 
spectively. The vertical cutoff at the outer edge of the A ring 
(11 - 2.29 R s ) is then 17.2 GV, at the outer edge of the B ring 
(R — 1.95 R s ) it is 23.7 GV, and at the outer edge of the C ring 
(R — 1.53 R s ) it is 33.5 GV. At the surface of Saturn on the 
equator it equals 90 GV, and at the surface of the earth on the 
equator it is 15 GV. In this energy range the integral cosmic 
ray intensity varies roughly as E~' [Meyer et aL, 1974], and the 
radial gradient is very small [Axford et aL, 1976). Therefore 
the integral cosmic ray intensities at the tops of the planets’ at- 
mospheres differ by about a factor of 6. However, the intensity 
incident on Saturn’s rings is comparable to that on the earth’s 
equatorial atmosphere. 

The relative neutron production rates can now be esti- 
mated. The atmosphere of Saturn is expected to be unproduc- 
tive because besides receiving a factor of 6 smaller influx of 
primaries it is composed mainly of hydrogen, from which neu- 
trons are not easily made. However, the ring material is prob- 
ably either water ice or rock, both of which contain major 
proportions of oxygen. (We have been told that ice is likely (J. 
Burns, private communication, 1979)). As oxygen and the 
similar nucleus, nitrogen, are the chief neutron producers in 
the earth’s atmosphere, we will neglect Saturn’s atmosphere 
henceforward and concentrate on the rings. 

We can most easily scale neutron production in the rings to 
that at earth by comparing the rings to the earth’s equatorial 
atmosphere. In so doing we will assume that the ring material 
is thick enough to allow a mature cosmic ray shower to de- 
velop from each primary. About 100-200 g cm' 2 will do, and 
it may occur in dumps. In the absence of contradictory infor- 
mation about the ring mass this seems a reasonable assump- 
tion. The primary cosmic ray intensity at the rings is down by 
a small factor, between 15/17.2 and 15/33.5, from that on 
earth’s equatorial atmosphere. However, we are likely to gain 
back a factor of —2 from the capture of ir~ mesons in the den- 
ser ring material. In a diffuse atmosphere most of these parti- 
des decay before capture, but in an ice ball of a size of >— 1 m, 
most would be captured, generating more neutrons [see Ling- 
enfelter et aL, 1972). To relate neutron production in earth’s 
equatorial atmosphere to the global average, we can refer to 
the values tabulated by Lingenfelter [1963, Table 1], The ratio 
of equatorial to global production is 0.4. When we collect 
these factors, we find that the neutron production rate in the 
rings is about half of the global average rate in the earth's at- 
mosphere. 

The proportion of the neutrons that escape from the surface 
of the rings is dependent upon a model of the rings’ structure. 
The earth’s atmosphere, which is our basis for comparison, 
can be thought of as a semi-infinite slab. Applying this model 
to the rings has to be a worst case, because some of the neu- 
trons ought to punch through. On the other hand, if the rings 
are really thin, a higher proportion will penetrate, but the pro- 
duction rate will decrease. Leaving these possibilities to offset 
each other, we will adopt the same ratio of escape flux to pro- 
duction rate as is obtained at earth. 

Our final consideration is the neutron injection efficiency. 
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Lenchek and Singer [1962] and Dragt el aL [1966] took the 
point of view of a trapped particle and, proceeding backward 
in time, inquired into the efficiency with which its trajectory 
may be filled by decaying neutrons from the source. Follow- 
ing these authors, we define an injection coefficient tj such that 
the proton source rate dlpjdi is given by 

dJJdi - r)JJ{yT.) (6) 

where J, is the global average neutron albedo flux and y T, is 
the dilated neutron lifetime. This agrees with the usage of 
Lenchek and Singer and differs by a factor of 2 from the defi- 
nition used by Dragt et aL The latter authors used in the place 
of / . the neutron escape current T„ defined by 

T, - l/(2irA) I J, cos <j> dA du (7) 

where <j> is the zenith angle and the integral is taken over the 
surface of the earth and the upper hemisphere in velocity 
space. For a globally averaged, isotropic 7T“ JJ2- There- 
fore their values for tj are double those used here. Coefficient tj 
reflects a dilution in phase space density which results from 
the difference between the velocity space occupied by the neu- 
trons, which are confined to a cone defined by the source sur- 
face and the observation point, and that occupied by the pro- 
tons, whose velocities are spread out by their gyromotion and 
bounce motion. It equals that fraction of a trapped particle’s 
trajectory along which injection is possible, Le., along which 
the instantaneous velocity vector of the gyrating proton lines 
up with that of a rectilinear neutron. Thus the eligible direc- 
tions are those that scan the source surface. Defined in this 
way, 7) includes the inverse distance effect between the source 
and injection point because, as the distance increases, the 
solid angle occupied by the source surface decreases. 

The rings have a very favorable injection geometry. The 
maximum possible value for ij is 0.S when the injection point 
is on the source surface itself. On the L shell at 2.7 R s , t; is 
about 0.3 for most mirror points. This is an order of magni- 
tude higher than typical injection coefficients on the same L 
shell at earth. 

We can now use (6) to estimate the proton injection rate at 
2.7 R s and from this the trapped proton lifetime T r At earth 
above a threshold of 80 MeV, 71 — 0.1 cm" 1 s' 1 [Preszler et aL, 
1976; Merker, 1972], and so J, — 0.2 cm -2 s' 1 . Then at Saturn, 
J. - -0.1 cm' 2 s' 1 . T, - 13 min, rj — -0.3, y — —1.1, and so 
dJ,/dt — -4 x 10' s cm' 2 s' 2 . We have measured the trapped 
proton flux at this point: J, — 2 x 10 4 cm" 2 s' 1 . Setting dJp/dt 
— Jp/T?, we get Tp — —20 years. This is the trapped proton 
lifetime compatible with a Crand source from the rings. 

We do not know the lifetimes of protons at Saturn or the 
identity of the loss mechanism. In our preliminary paper [Fill- 
his et aL, 1980] we addressed the diffusive radial motion of the 
protons and concluded that their lifetime against random ex- 
cursions into one of the lunar sweeping corridors is greater 
than several days. Trapping lifetimes of protons in the earth’s 
inner radiation belt are many decades [Farley and Walt, 1971], 
In this light the value of 20 years at Saturn seems plausible. 

Conclusions 

1. Very energetic protons are trapped in the inner Saturn- 
ian radiation belt. Protons of energy >80 MeV have been def- 
initely identified by channel M3 of the UCSD trapped radia- 
tion detector. These protons are concentrated mainly between 
Mimas’s orbit and the rings and are strongly absorbed by 


Mimas and 1979-S2. This spatial distribution is distinctly dif- 
ferent from that of the energetic electrons, which show very 
little absorption at the moons’ orbits and extend to higher L 
values. 

2. Protons of energy >600 MeV may have been detected 
by channel C3 of the UCSD instrument Like the 80-MeV 
protons, these particles have a peak at L a 2.63 R s and ab- 
sorption features where swept by the adjacent moons. The en- 
ergy spectrum is consistent with a Crand source. 

3. Cosmic ray albedo neutrons are a possible source of en- 
ergetic protons. Albedo from the rings is probably more effec- 
tive than from the globe of Saturn. The Crand source strength 
is estimated to be -4 x 10' 5 cm' 2 s' 2 at L — 2.7 R n the peak of 
the energetic proton belt. This source strength requires a pro- 
ton lifetime of -20 years. 
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MEASUREMENTS OF COSMIC RAY ANISOTROPIES 
FROM PIONEERS 10 St 11 

W. I. Axford, W. Fillius, L. J. Gleeson, W-H. Ip, and A. Mogro-Campero 

University of California, San Diego 
La Jolla, California 92037 
USA 

Cosmic ray anisotropy measurements are performed by the 
University of California, San Diego experiments on Pioneers 
10 and 11. A directional Cerenkov counter sensitive to 
protons and a particles with kinetic energies a 480 Mev/nuc- 
leon is used to determine east-west and north-south 
anisotropies (§_, and We find large variations in the 

anisotropies (e.g., |a?| ~ <§>), with a time scale of ~ 60 
days for the period April - November 1973 during which 
Pioneer 11 traversed the region of 1 - 3 AU. The total data 
set results in a well defined anisotropy, with = 0.46 ± 

0.117. and ? NS = 0.03 ± 0.117.. This result for is com- 
patible with a large value of the ratio of the perpendicular 
to the parallel components of the diffusion coefficient 
(h^/k^ =“ 0.22 ± 0.08). This result is also consistent with the 

measurement on Pioneer 10 in November, 1973, at a distance of 
about 4.5 AU, just before its close encounter with Jupiter. 

1. Introduction . This is a progress report on the cosmic ray anisotropy 
measurements of the UCSD experiment on board Pioneers 10 and 11. The Pioneer 11 
results were obtained in the time interval between April and November, 1973, 
during which the spacecraft travelled from 1 to 2.8 AU. The Pioneer 10 results 
were obtained at 4.5 AU in November, 1973, just before its close encounter with 
Jupiter. Here we will report the results from the Cl channel of the Cerenkov 
detector. This counter detects nuclei with kinetic energy T 2 480 Mev/nucleon and 
electrons with T a 6 Mev. The quiet time cosmic ray counting rates consist of 
about 847. protons, 127. a particles, and 27. each from heavy nuclei and electrons. 

A more detailed description of this instrument is presented elsewhere (Fillius and 
Mcllwain, 1974; Axford et al., 1975). The spacecraft spin axis is always pointing 
towards the earth. Since the Cerenkov detector is mounted facing perpendicular to 
the spin axis, its look direction sweeps a circle in a plane perpendicular to the 
ecliptic plane, so that we can measure both the east-west and north-south 
components of the cosmic ray anisotropies. 


* Max-Planck Institut fur Aeronomie, Lindau/Harz, West Germany 
** Monash University, Clayton, Victoria 3168, Australia 
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2. Instrumental response . To investigate the azimuthal streaming of the cosmic 

ray particles, we can express the angular distribution of the cosmic ray intensity 
I in the spacecraft equatorial plane as 

1 - + = , V os »<* - vl (1> 

n=l 

where Y is the clock angle and Y^ is the direction of the n 1 "* 1 order term in 

the cosmic ray anisotropies. The first term is the resultant of the east-west 

and north-south anisotropies. With a unidirectional detector we can restrict 
ourselves to the first order term. Therefore Eq. (1) can be reduced to 


1 " I 0 [ 1 + V°s<Y ‘ V 


( 2 ) 


Since the spacecraft is rotating rapidly with a period of about 12 sec the 
detector will sweep a certain angular path 6 within one data accumulation 
period. Such averaging effect will reduce the measured value of by a factor 

f 1 - sin (6 /2) / (6 /2) (3) 

In order to have a satisfactory angular resolution we only use the data with 
8 = 45° and 90°. The reduction factor f^ will consequently be 0.97 (45°) or 0.90 

(90°). A similar reduction factor, namely, f 2 = sin(TT/m)/(Tr/m) , is also intro- 
duced due to our division of the angular distribution of the counting rates into m 
equal sectors. Here'we have put m = 8, therefore f ^ = 0.97. 

Another source of convolution of the experimental values is due to the finite 
width of the angular response of the Cl detector. It 
can be calculated that the corresponding reduction 
factor fg for protons is 0.81 (see Fig. 1 for the 
pattern of angular response). As for a particles, 
which make up ~ 127. of the total counting rate, 
there is no experimental calibration. An approxi- 
mation is made by assuming the ratio of response 
from the forward to that from the backward direction 
is 10:1. The resulting value of £2 is estimated to 
be =“ 0.52. The total reduction factor due to instru- 
mental effects is therefore equal to f =* f^f 2 f 3 . For 
both spacecrafts f =" 0.63. However, we must be 
careful in applying this result. For example, this 
method is not applicable for cases of angular distri- 
bution of cosmic ray intensity different from those 
defined in Eq. (2). Also, the derived value of §1 is 
only the component tangential to the equatorial plane 
of the spacecraft and not necessarily the total value 

since here we are incapable of measuring a full 3 -dimensional distribution. 
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3. Experimental results . We will first discuss the result from Pioneer 11. 
The counting rate of channel Cl from April to November, 1973, is shown in Fig. 2. 
At the end of April we observe a solar event followed by a Forbush decrease. 

In Fig. 3 we present the angular distribution of the counting rates during this 
event. To obtain the anisotropy pattern of the solar cosmic ray particles we 
have substrated the background counting rate due to the galactic cosmic ray 
particles from the data. It is evident that there exist large anisotropies on 
the order of 10% for the first six hours of the event. In this interval a peak 
value of ~ 507. has been observed with a finer time resolution. This azimuthal 
component of the solar cosmic ray streaming anisotropy persists for another day 
and then evolves into a sort of dumb-bell pattern at the later stage. 


HEUO-CENTRIC DISTANCE 

10 1.25 1.5 1.8 2.0 2.3 2.6 2.8 



Fig. 2 



Fig. 3 
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The two-week averaged values of the east-west anisotropies § have been 

CiW 

computed. These are shown in Fig. 4a. Here the east-west anisotropies have an 
oscillatory pattern with a periodicity of about 59 ± 7 days. The value 

varies between -0.57 to +17.. Such a feature might be related to the conditions 
in interplanetary space, i.e. the sector structure of the interplanetary 
magnetic field, propagation of disturbances due to solar events, etc. Due to 
the lack of magnetic data at the present moment we are unable to pursue the 
correlation between the cosmic ray anisotropies and the interplanetary magnetic 
fields. As for mapping with solar events, there appears to be no direct corre- 
lation, at least, with the recurrence of the event in April which would lead to 
a periodicity of ~ 27 days. For the sake of comparison the two-week averaged 
values of the north-south anisotropies are plotted in Fig. 4b. It is clear that 
their magnitudes are much smaller than those of the east-west components. In 
fact, the average value for the whole period, with the solar event excluded, is 
(0.03 ± 0.11)7. while the corresponding value of is (0.46 ± 0.11)7.. The above 
values are obtained by adopting a reduction factor f = 0.63 in our calculation. 
We can apply the method of transormation as discussed in Sec. 2, since the 
angular distribution of cosmic rays for the total data set (Fig. 5) can be 
approximated by a sinusoidal variation as defined in Eq. (2). The maximum- 
minimum axis is found to be pointing in the east-west direction and the value 
of before adjustment for the instrumental effect is 0.297. 


HEII0-CENTRIC DISTANCE 


10 • 1.25 1.5 1.8 20 23 25 2.8 



Fig. 4a 


HELIO'CENTRIC DISTANCE 



Fig. 4b 


About a month before close encounter with Jupiter, Pioneer 10 was 
operated again in the favorable bit rate formats. In Fig. 6 is shown the Cl 
counting rates for Nov. 3 - Nov. 25, 1973, and the corresponding angular 
distribution of the cosmic ray anisotropies. We have divided the data set into 
several sections (A - G) according to the degree of Jovian electron contamination 
(Chenette et al., 1974; Teegarden et al., 1974). During the time intervals of 
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ISO* 



Fig. 5 

Jovian electron events (sections B, D, and F), it is clear that the intensity 
in the hemisphere towards Jupiter is enhanced, indicating streaming of energetic 
electrons from Jupiter, with ~ 27. and t. ~ 125°. On the other hand, the 
angular distributions of the cosmic ray intensity during 'quiet times' 

(sections A, C, E, and G) do not have a fixed pattern. The averaged value of 
for these time intervals combined together, has an east-west component =** 0.6 
± 0.4% if the reduction factor f = 0.63. It is interesting to note that the 
results from both Pioneer spacecrafts point to a small value of § throughout 

interplanetary space from 1 AU to ~ 5 AO, with measurements made at approxi- 
mately the same time period. In the following section we will discuss briefly 
certain consequences of these results. 



4. Discussion . For the models of solar modulation of galactic cosmic rays, 
one of the unknown parameters is the ratio of the components of the diffusion 
coefficients, perpendicular ( ) and parallel ( n ) to the interplanetary 

magnetic field. Different values of this ratio would cause significant 
variation in the radial dependence of the corotation anisotropy, as suggested 
by Forman and Gleeson (1975). This relation is summarized in Fig. 7. Briefly 
speaking, the azimuthal anisotropy as a function of heliocentric distance has a 
maximum at r = (*■ and larger values of h^/h result in smaller values 
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of Since this theoretical result is 

Ew 

obtained by assuming steady state conditions 
and spherical symmetry, it may not be 
meaningful to compare it with the results in 
Fig. 4a, where large variations in are 

observed. However, for any model which 
assumes that the propagation of cosmic rays 
can be represented by steady state and 
spherical symmetry conditions in time scales 
f 1 the time for the solar wind to travel from 
the sun to a distance significantly larger 
than the radial positions of the spacecraft 
(e.g. 10 AU), it may still be appropriate to 
fit the observed average value of = 

(0.46 ± 0.11)% to a certain value of h , /k 

X (I 

within the range of 1 - 2.8 AU. After correcting for the small deviation of the 
plane in which the measurements are performed with respect to the E-W direction, 
and assuming that = 0«6 at 1 AU for ~ 0 (as in Fig. 7), the resulting 

ratio is h,/h “* 0.22 ± 0.08. This value is consistent with our Pioneer 10 
X || 

result at 4.5 AU, and is higher than the value for this ratio deduced near 1 AU, 
where hJh ^ « 1 for E > 1 Gev (e.g., see Rao, 1972). 
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ABSTRACT 

The University of California at San Diego Cerenkov counters on the Pioneer-10 and Pioneer-11 
spacecraft en route from Earth to Jupiter detect cosmic-ray protons and a-particles with kinetic 
energy T > 480 MeV per nucleon and cosmic-ray electrons with T > 6 MeV. Using simultaneous 
data from the two spacecraft, we have determined the cosmic-ray integral intensity gradient 
in the time interval 1973 April 16-August 31. During this period, Pioneer-10 moved from 4.06 
to 4.66 AU and Pioneer- 11 from 1.02 to 2.11 AU. We have used data in different channels to 
determine the counting rate from Jovian electrons and to subtract this from the cosmic-ray 
counting rate on Pioneer- 10. During April and May there was a solar event followed by a Forbush 
decrease; we have examined the effect of this event on the measured gradient. It appears that 
disturbances of this kind can cause large changes in the gradient values. The radial gradient is 
found to be 0.15 ± 2.3 percent per AU, and we consider this value to be basically consistent with 
zero. We have calculated the theoretical gradient in this integral energy range using the forcc- 
/field approximation and expect a value of about 8 percent per AU. Suggestions advanced to 
explain the discrepancy between theoretical and observed values include: (1) that the accepted 
diffusion coefficients are too low; (2) that spherically symmetric models are inadequate; (3) that 
temporal variations of the interplanetary medium are important; and (4) that another transport 
mechanism is required. 

Subject heading: cosmic rays: general 


I. INTRODUCTION 

In this paper we report observations of the variation 
with heliocentric distance of the intensity of (mainly) 
cosmic-ray protons and a-particles having kinetic 
energy T > 480 MeV per nucleon obtained between 
1.02 and 4.66 AU in the period 1973 April-August. 

These observations were made using the University 
of California at San Diego (UCSD) experiments on 
board Pioneer-10 and Pioneer-11 (P10 and PI1) as 
they traveled from Earth to Jupiter. They are of 
considerable interest currently in view of the fact 
that other observers are reporting gradients in the 
T ~ 80 MeV per nucleon range that are a few times 
less than those estimated in theoretical models using 
the best available prior estimates of the diffusion 
coefficients appropriate to cosmic rays in inter- 
planetary space (see later references and discussion). 

Pioneer- 10 was launched on 1972 March 3 and 
encountered Jupiter in 1973 early December; Pioneer- 
11 was launched on 1973 April 6. In this report we 
discuss the data between 1973 April 16 and August 31 
(days 106-243). Positions of the two spacecraft. 
Earth, and Jupiter during this period arc shown in 
Figure 1; PU moved from 1.02 to 2.11 AU, and P10 
from 4.06 to 4.66 AU. 

* Max-Planck-Institut fur Aeronomie, Lindau/Harz, West 
Germany. 

t Monash University, Clayton, Victoria, 3168, Australia. 


n. INSTRUMENTATION 

The UCSD experiments on PI0 and PI 1 each 
contain a Cerenkov counter designed to measure 
electron intensities in the magnetosphere of Jupiter. 
Since they respond to charged particles with 0 > }, 
they are well suited to count cosmic rays during the 
interplanetary cruise. The cosmic rays detected are 
protons, a-particles, and high-Z nuclei with T > 
480 MeV per nucleon, and electrons with T > 6 MeV. 
The electron energy cutoffs are set by the particles’ 
penetration depth through the housing and in the 
radiator. Three integral pulse-height discriminators, 
set for short, medium, and long path lengths in the 
radiator, provide a measure of the particles’ range 
and angle of incidence. The highest discriminator 
requires a long range with favorable incidence along 
the detector axis toward the photodetector. Small 
pulses may be caused by short-range electrons that 
stop in the radiator, or by penetrating particles with 
unfavorable incidence angles. Since nuclei with 
velocities above the Cerenkov threshold all have 
ranges much greater than the dimensions of the 
detector, the three channels have essentially the same 
energy threshold for these particles and differ only 
in the sizes of their acceptance cones. 

The different electron energy thresholds, the geo- 
metric factors for protons, and the counting rate 
composition are shown in Table 1. The proton geo- 
metric factors were derived from accelerator runs 
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TABLE 1 


Interplanetary Responses op the Cerenkov Counters 



Proton Geometric 
Factor 
( cm a sr) 

Countino Rate Compositions (7.) 


Electron 

Energy 

Threshold 

(MeV) 

Satellite 

Protons 

Alphas 

High-Z Nuclei Electrons 

P10: 

Cl 

15.5 

81 

15 

2 

2 

6 

C2 

4.5 

63 

30 

5 

2 

9 

C3 

0.47 

23 

59 

17 

1 

13 

Pll : 

Cl 

17.8 

82 

14 

2 

3 

5 

C2 

6.5 

68 

26 

4 

2 

8 

C3 

0.93 

34 

52 

13 

1 

12 


using pions and from cosmic-ray muon calibrations, 
and the composition was deduced using the energy 
spectra and relative abundances of cosmic rays as 
measured in the vicinity of Earth (Webber 1973). 
These numbers had to be obtained indirectly, as 
particle beams are not available for direct calibration. 
The electron energy thresholds were determined ex- 
perimentally (Fillius and Mcllwain 1974), and the 
counting rate contribution from interplanetary cosmic- 
ray electrons was deduced from the spectrum of 
Caldwell et al. (1975). At launch approximately 1 
percent of the counting rate was due to the Radioiso- 
tope Thermoelectric Generator (RTG) power source; 
this may increase by a factor of 2 by the time of the 
encounter with Jupiter. Our deduced responses predict 
the observed counring rates very well. 



FlO. 1. — The trajectories of Earth. Jupiter, Pioneer-10, 
and Pioneer-11 in the ecliptic plane. 1973 April 15-August 31. 
The heavy sections indicate the region traversed during the 
measurements reported in this paper. The mean interplanetary 
magnetic-field spirals are also shown. 


A careful cross-calibration between the instrument 
on P10 and that on Pll was performed by comparing 
the prelaunch spectra induced by cosmic-ray muons 
at ground level. Using the counting rate of the high- 
energy neutron monitor at Kula, Hawaii, as reference 
and the appropriate corrections for atmospheric 
pressures and temperature with latitude (Carmichael, 
Bercovitch, and Steljes 1967; Bercovitch 1973), we 
confirmed that the muon fluxes at the times of our 
calibration runs were identical within 2 percent. Then, 
from the prelaunch muon calibration spectra, we 
determined that the discriminators on Pll are lower 
than those on P10 by a uniform factor of 0.S3 ± 0.02. 
When we want to correct for this difference, we inter- 
polate the observed Pll pulse-height spectrum to the 
P10 discrimination levels. A typical value for the 
correction factor is 0.75, with a systematic uncertainty 
of ± 0.03 arising from the determination of the relative 
discrimination levels. 

Stability of the detectors is supported by laboratory 
tests of the prototype and Sight instruments and by 
comparison with other sensors in flight. It was verified 
that the flight detectors and electronics experience 
no changes over the temperature range encountered. 
We did not have the flight instruments in the laboratory 
long enough to establish an aging baseline as long as 
the flight. However, an identical prototype detector was 
recalibrated after 3 years and showed no change. 

The sensor used for comparison in flight is a 
silicon surface-barrier detector (channel Ml) buried 
inside a passive omnidirectional shield. We have not 
used it for measuring gradients because we do not 
know a priori the relative geometric factors of P10 
and Pll. Its energy response extends from ~85 MeV 
per nucleon to infinity. Since about 23 percent of the 
singly charged and 33 percent of the multiply charged 
particles in this range are below the Cerenkov 
threshold, different gradients for different energies 
and different species could cause these channels to 
differ somewhat. However, these are inherently stable 
sensors, and it is of interest to compare them with the 
Cerenkov counters. We have performed least-squares 
fits on the ratios of the MI to the Cl counting rates 
versus time. Over the 140 day baseline, the time- 
dependent regression coefficient would allow decreases 


w 


Day of Year, 1973 





Fio. 2 . — Counting rates of the three channels of the Cerenkov detectors on Pioneer-10 and Pioneer-U in the time 
period between 1973 April 16 and August 31 (days of year 106-243). The Pioneer-11 rates have been normalized to the 
Pioneer-10 discrimination levels. Corresponding counting rates of the Deep River neutron monitor are also shown with 
arbitrary scale. 
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in the Ml /Cl ratio of 5.4 + 5.2 percent for P10, 
and 1.7 ± 1.4 percent for Pll. These numbers are 
comparable with the day-to-day statistical fluctuations 
of the ratios (±47 0 ). and they are compatible with 
zero. Thus the comparison supports the conclusion 
that both Cerenkov detectors are stable in flight 
Because of the time sharing of the electronic 
accumulator, each channel is in action for only one- 
ninth of the total time. With average counting rates 
of 5, 2, and 0.5 counts s' 1 , we obtain approximately 
4.8 x IO 4 , 1.9 x 10 4 , and 4.8 x 10 3 counts per day, 
and the error in the daily average counting rates due 
to statistical fluctuations is about 0.5, 0.7, and 1.4 
percent. 


For a channel on Pioneer-10 with geometric factor 
Gjo, the average counting rate for a selected day, /„ 
is then 

C l0 (O = G 10 r(/ 1 ) exp [gr la (t ,)] , (2) 

where r 10 (/,) represents the position of Pioneer-10 as a 
function of time. The average counting rate for the 
corresponding channel on Pioneer-11 is 

C u (0 = G u T(t t ) exp (gr u (f,)] . (3) 

When we normalize C L1 for the small difference be- 
tween Pioneer- 10 and Pioneer-11 discrimination levels, 
we get 


m. OBSERVATIONS 


Cu (O = G l0 TM exp [gr u(fO] . (4) 


The counting rates (daily average) observed on P10 
and Pll during the period of analysis are shown in 
Figure 2. The Deep River neutron monitor daily 
average counting rate is also shown. This monitor 
has a magnetic vertical cutoff rigidity of ~ 1.0 GV 
(protons with T > 480 MeV ; a-particles with T > 120 
MeV per nucleon), which is similar to the threshold 
of our Cerenkov counter. However, because of the 
complexity of the magnetic cutoff and the effects of 
atmospheric absorption, the overall response is 
somewhat different from detector C. Therefore, we 
do not use the neutron monitor to compute a gradient; 
but the data do show interesting similarities. 

The counting rates all rise steadily, except where 
they are modified by solar events, Forbush decreases, 
and Jovian electron events (Chenette, Conlon, and 
Simpson 1974; Teegarden et al. 1974). Solar events 
occurred on days 119 and 211, and the first one pro- 
duced a large spike in the Pioneer-11 detector. The 
Forbush decreases are most pronounced in the 
neutron monitor and Pll. There is a systematic time 
shift in these features that seems to be the time taken 
for the solar wind to blow from the Earth to the 
spacecraft. Omitting disturbed periods, we have 
calculated correlation coefficients between the neutron 
monitor and the two spacecraft, using a time lag of 
AR/V, where V is an assumed solar wind velocity. 
The correlations are optimum for a solar wind 
velocity of 400-500 km s' 1 , values which compare 
favorably with those measured by the solar wind 
analyzer on board the spacecraft (Wolfe, private 
communication). 

The Jovian electron events appear as spikes in the 
P10 data. The electrons are most prominent in channel 
Cl and less so in channels C2 and C3 because of their 
higher electron energy thresholds. 

IV. DETERMINING THE GRADIENT FROM THE 
DATA 


Gio appears in equation (4) because C u ' is the rate 
that would have been recorded by the Pioneer-10 
detector at the same position. The adjustment factor 
k, a Cu'(f»)/Cii(f|) is computed each day from the 
observed pulse-height spectrum and is typically 
about 0.75 (see § II). 

Method 1 . — The gradient can be obtained by 
dividing equation (2) by equation (4) and taking the 
logarithm. Representing In [C l0 (q)/C u '(ti)] by X'(t,) 
and r l0 (r,) - r n (f,) by Ar(f t ), we get 

gM = XVd/Arild . (5) 

We write g x to distinguish this method from another, 
explained below. Note that method 1 isan instantaneous 
measurement; we compute a new value each day from 
simultaneous intensity measurements on the two 
spacecraft. 

The influence of the instrumental cross-calibration 
can be evaluated by writing 

giOi) =* [In Cio(t() — In k t — In C xl (t^yAr(t t ) , (6) 


using the definitions of A"(q) and k t . An error Ak t 
creates an error 


= - 


1 A k< 

A r(tj k, 


( 7 ) 


For the calibration accuracy quoted in § II, Ag x x 1.5 
percent per AU. 

Method 2 . — The necessity for cross-calibration can 
be avoided by using a time-lapse method to evaluate 
the gradient. In this method, the intensities at different 
radial separations are measured by one instrument as 
it moves with respect to the other. The second instru- 
ment is used to separate out the time dependence, 
T(t), of the cosmic radiation. Divide equation (2) 
by equation (3) and take the logarithm. 


If we define the gradient g by g = < t>~ l d ( t>jdr and 
suppose that the cosmic-ray intensity <I> is a separable 
function of time and radial distance r from the Sun, 
then we can represent the intensity by 

<fi(r, t) = r(/) exp (gr) . (1) 


X(t t ) = In (Gio/Gn) + gAr(t t ) , (8) 

where X,(t,) = In [C^M/CnU,)]. If the time period 
is long enough for Ar to change substantially, a linear 
regression analysis of X versus Ar yields a constant 
and a slope. The slope is the gradient, g2l and, as it 
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TABLE 2 


The Radial Gradient <b~ l d®ldr 



Method 1* 

Average of Daily Determinations 
(E lectron Elimination Procedure) 

Method 2t 

Time-Lapse Determination 
(E lectron Elimination Procedure) 

Percent per AU 

No Bursts 

Subtraction 

Using 

Simultaneous 

Linear 

Equations 

No Bursts 

Subtraction 

Using 

Simultaneous 

Linear 

Equations 

Channel Cl 

With FDIt 

Without FDIf 

+2.5 ± 1.7 
+ 10 ± 1.7 

+ 1.7 + 1.5 
+ 1.2 ± 1.3 

+ 3.2 ± 3.9 
- 121 ± 4.7 

+9.7 ± 26 
-1.0 ± 28 

Channel C2 

With FDIt 

Without FDIf 

+0.3 ± 1.6 
-0.4 ± 1.3 

-0.3 ± 1.7 
-1.0 ± 1.2 

+ 120 ± 3.4 
-7.4 ± 3.9 

+ 14.5 ± 25 
+0.9 ± 27 

Channel C3 

With FDIt 

Without FDIt 

+0.4 ± 1.7 
-0.5 ± 1.1 

0.0 ± 1.8 
-0.8 ± 1.2 

+ 19.3 ± 3.3 
- 20 ± 3.0 

+ 18.8 ± 26 
+ 3.1 ± 25 


• The error estimates quoted for method I represent the variance in the day-to-day determinations 
of ft. An additional uncertainty of — 1.5 percent per AU arises from the cross-calibration of the de- 
tectors. The effect of counting statistics is negligible. 

t The error estimates quoted for method 2 represent the uncertainty in determining the slope of eq. 
(8) by an rms fit. The effect of counting statistics is negligible, and there is no contribution from detector 
cross-calibrations. 

t FDI » Forbush decrease interval. 


represents data at different positions from the same 
instrument, it depends only on instrument auto- 
calibrations (time stability). The cross-calibration 
between instruments appears in the constant term, 
which is not needed. 

Determining the radial gradient of the cosmic 
radiation would be straightforward if the cosmic-iay 
intensity were accurately represented by equation (1) 
and there were no statistical errors or disturbances in 
the data. However, in our data set (Fig. 2), Forbush 
decreases disturb the galactic radiation, and, further- 
more, solar particles and Jovian electrons are present 
part of the time. We find differences between the way 
these disturbances affect the results of method 1 and 
method 2, and we seek techniques by which these 
effects may be eliminated. 

The solar particles are easily disposed of by omitting 
three days during the May event. For the Forbush 
decreases and Jovian electrons, we adopt a shotgun 
approach, and compare the results of different tech- 
niques and methods (Table 2). Two techniques for 
eliminating the Jovian electrons produce similar 
results, and we are satisfied that these particles do not 
contaminate our answers. The Forbush decrease 
effect is harder to eliminate, although method I gives 
more consistent results. 

A rough and easy way to eliminate the effect of 
Jovian electrons is simply to omit periods when bursts 
are present. Excluding these days, we obtain the 
gradient values shown in Table 2 under the label 


“no bursts.” However, this technique does not 
eliminate electrons that may be present between 
bursts. 

To handle these quiet-time Jovian electrons, we 
use all three channels and take advantage of the fact 
that they have different relative geometric factors 
for Jovian electrons than for galactic nucleons. The 
counting rate of each channel is a sum of contributions 
from nucleons and electrons: 

S t — N, + E, (/ = 1-3) , (9) 

where S, is the total counting rate, N, is the portion 
caused by nucleons, £, is the portion triggered by 
electrons, and the subscript denotes channel Cl, C2, 
or C3. By looking at data taken far from Jupiter when 
there is no electron activity, we can determine the 
ratios a,, s NJN,. Similarly, by taking data during 
electron bursts (and subtracting out a steady nucleonic 
component), we can determine the ratios fi„ = £,/£,. 
With these ratios we can solve the simultaneous 
equations (9) for £, and N t : 

p ftXgi ~ A) 

E< <*,, - A, ’ 

Nl = **&' iM l . do) 

*</ - Pn 

The main error in this solution arises from uncertainty 
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Flo. 3. — Pioneer-10 counting rates decomposed into the separate contributions of nucleons and Jovian electrons, (a) 
The contribution of Jovian electrons to channel C 2. ( b ) and (c) ( heavy line) the total counting rate; (thin line ) the nucleonic 
component alone. 
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Fra. 4. — Radial gradient values calculated for each day using eq. (5). The times are indicated for the solar event (SE), 
Jovian electron bursts (JE), and Forbush decrease. 


in the when there is a large fraction of electrons 
present: 

AM 1 r B, Aft, Acq/l 

N t aulfo - 1 [N, p tl J ’ 

where * 12/^12 0.57, — 0.18, Acti 3 /<xi 3 ~ 

0.01, otis/^is = 0.14, = 0.63, and Aa l3 /a 13 = 

0 . 01 . 

Figure 3 presents the result. Figure 3a shows the 
channel C2 counting rate caused by Jovian electrons. 


The rise of the baseline indicates that there is a small 
residue of electrons present between bursts. For the 
most part this result agrees well with the electron 
counting rates for the same period of time given by 
Teegarden et at. (1974) and by Chenette, Conlon, and 
Simpson (1974). In Figures 3b and 3c we show the 
counting rates of channels C2 and C3 with and without 
Jovian electron subtraction. The correction for the 
C2 counting rates is sometimes substantial; that for 
channel C3 is not. 

After the correction for Jovian electrons, we can 
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proceed to calculate the radial gradients of the un- 
disturbed cosmic rays. Figure 4 shows the daily values 
of gi for channels Cl, C2, and C3. The times are 
indicated when electron bursts were present. These 
intervals were omitted before, but by using the 
electron subtraction procedure, we can include them 
without introducing any apparent bias to the results. 

Gradients calculated by this procedure are listed 
in Table 2 under the heading “ Electron Elimination 
Procedure: Subtraction Using Simultaneous Linear 
Equations.” Under both methods 1 and 2, there is no 
large departure from the gradient values calculated by 
omitting the times of the electron bursts. Figures 3 
and 4 show that the electrons are accounted for, and 
the evidence is that Jovian electrons do not significantly 
contaminate our results. 

There remains the question of what effect the For- 
bush decreases have on our results. There is a 27 day 
cycle apparent in Figure 4 that arises from the large 
Forbush decrease after the solar event of day 1 19 and 
the following recurrent decreases visible in Figure 2. 
In addition, there seems to be a time variation between 
the positive values of & before the initial Forbush 
decrease and the negative values thereafter. We have 
computed gradient values for the entire time interval 
(days 106-245) and, to exclude the initial Forbush 
decrease, once again just for the interval between 
days 143 and 243. Table 2 compares the results. It is 
evident that method 2 is highly dependent on the time 
interval chosen, but the average of method 1 values is 
not The susceptibility of method 2 is illustrated in 
Figure 5, where we have plotted In (C 10 /C u ) versus 
At. The straight lines show the minimum variance 
fits to equation (8) for the time intervals. It is clear 
just from looking at the data that the slopes will be 
different for the two cases. It is noteworthy that 
Forbush decreases do not satisfy the separation of 
time and spatial parameters assumed in equation (1). 
Because of the radial propagation lag, these decreases 
arrive at Pioneer-10 later than at Pioneer-11, and the 
ratio C 10 /C„ goes first up and then down, like a 
differentiated pulse. Such a differentiated pulse will 
perturb the slope of In (C l0 /Cu) versus Ar, but not 
the average value In (C 10 /C u ). 

Time changes in the propagation conditions must 
also be considered in weighing these results. If the 
gradient g is a function of time, one would expect to 
see the time dependence mapped out by method 1. 
Method 2, on the other hand, should be either modified 
or segmented in such a way as to match the changes, 
or else averaged over a larger sample in which several 
changes tend to balance one another. The primary 
uncertainty in determining the gradient from our data 
set arises not from counting rate statistics, not from 
instrument calibrations, and not from extraneous 
electron and solar proton events. One can bracket 
these uncertainties by selecting different time periods 
for analysis. The primary uncertainty arises from time 
changes in the data. These time changes appear to be 
real; they limit the precision with which we can de- 
termine a value for the gradient. 

In consideration of this uncertainty, we prefer to 


quote values determined by method I. The best tech- 
nique for eliminating Jovian electrons is subtraction 
using simultaneous linear equations. Combining 
statisrics, calibrations, and time fluctuations into one 
error term, and averaging the results from the three 
channels, we get a gradient of 0.15 ± 2.3 percent per 
AU. Because of the relatively large error, we could 
consider the measured gradient as consistent with 
zero. 

V. THE EXPECTED GRADIENTS 

Calculations of the differential gradient to be 
expected in spherically symmetric models have been 
given by Urch and Gleeson (1972) for protons and 
a-particles of kinetic energies above 10 MeV per 
nucleon. They provide a guide but cannot be used 
directly, as the present observations are integral and 
consist of a mixture of two species. To provide the 
integral gradients and a background for discussion, 
we give the following analysis. 

We omit the electron and high-Z nucleon contri- 
butions and consider the counts as composed of pro- 
tons and a-particles. The gradients expected are a 
function of the cosmic-ray modulation and hence of 
solar activity. The solar activity was at a minimum 
and the cosmic-ray flux maximum in 1965; the solar 
activity was at a maximum and the cosmic-ray flux 
minimum about 1969; and, according to the cosmic- 
ray monitors (J. Humble, private communication), 
in 1973 conditions were again approaching those of 
the 1965 solar-activity minimum. Consequently, we 
use solar-minimum spectra for our conditions and 
take those given in the review of Webber (1973). 

At the energies of the UCSD experiment ( T > 480 
MeV per nucleon), the differential gradient y(r, T) at 
radius r and kinetic energy T is given closely by the 
force-field approximation, 

y(r, T) = C(r, T)V(r)/ K (r, t) , (12) 

with C(r, T) the Compton-Getting factor (depending 
on spectral slope), V the solar wind speed, and «ir, T) 
the (energy-dependent) diffusion coefficient (Gleeson 
and Axford 1968; Gleeson and Urch 1973). Different 
values of C and *, and hence of y, apply for each 
species. The differential gradient expected with an 
instrument counting two species is 

y = fvYv + /«y<» ; (13) 

the subscripts p, a refer to protons and a-particles, and 
/„,/„ to the fraction of the counts due to each species. 
The cosmic-ray intensity spectra for protons and 
a-particles at T 3s 480 MeV per nucleon have sub- 
stantially the same form (e.g., Gloeckler and Jokipii 
1967). 

The integral gradient of a species is 

g(r, T) = J" y(r, T')j(r, T^dT' jj" j(r, T')dT ' , 

( 14 ) 

with j{r, T) the differential intensity. For a composite 
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FlO. 5. — The ratios of Pioneer-10 to Pioneer-11 counting rates plotted as a function of their radial separation. Time goes 
from right to left because Pioneer-1 1 was moving faster than Pioneer-10. Data during the Forbush decrease arc plotted with 
the open squares; the days of Jovian electron events are plotted with open circles. The lines represent least-squares linear fits, 
one to the entire data set, and the other excluding the time of the Forbush decrease. 


measurement such as reported here, the expected 
integral gradient is 

S m fvSr "h /«?«' (1^) 

this formula is dependent on the differential spectra 
having (approximately) the same form. 

The usual value of V is about 350 km s -1 : values of 
C range from about 0.6 to 1.6 for the present particles. 


At these energies, the diffusion coefficients used in 
numerical studies which reproduce the observed 
modulation and consistent with magnetic-field data 
have been of the form * = « a PP with P the particle 
rigidity and p — (particle speed)/(speed of light) 
(Urch and Gleeson 1972). This form of « gives y = 
Cy/ Ko pp with y„ = \y v at the same kinetic energy 
per nucleon. It also follows that, with similar 
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differential intensity spectra, g a ~ Hence, for our 
conditions of measurement, 

* = (/, + 0.5 \f a )g, . (16) 

Urch and Gleeson (1972), based on the magnetic- 
field power spectrum work of Jokipii and Coleman 
(1968), used * = 2.2 x 10 I1 cm 2 s‘ 1 for protons at 
P = 1 GV and hence * 0 = 3x 1CF cm 3 s' 1 (GV)* 1 
for 1965 (solar-minimum) interplanetary conditions. 

Using these values, V = 380 km s' 1 , and the solar- 
minimum spectra in Figure 12 of Webber (1973), we 
find that the corresponding differential gradients at 
kinetic energies of 500, 1000, and 4000 MeV per 
nucleon are 22.0, 16.9, and 5.9 percent per AU, 
respectively, for protons (y„) and about half these 
values for o-particles (y„). The integral gradients for 
T > .480 MeV per nucleon calculated from (5), and 
assuming these diffusion coefficients and spectra, are 

g p =■ 10.0% per AU , g„ - 6.5% per AU . (17) 

The corresponding composite integral gradient ex- 
pected for the UCSD instrument is thus 

g = 9.3% per AU for channel Cl , 

g - 8.7% per AU for channel C2 , 
and .* 

g = 7.3% per AU for channel C3 (18) 

in the vicinity of the orbit of Earth. 

For completeness, and later reference, the values of 
C, y, and g, at several kinetic energies, are given in 
Table 3 for solar-minimum conditions (as above) and 
also for solar-maximum conditions (maximum modu- 
lation). The spectra of Figure 12 in Webber (1973) 
have been used. Note that the decreases in gradients 
here are entirely due to spectrum changes, * 0 having 
been kept at 3.0 x 10 ai cm 3 s' 1 GV -1 . 

VI. DISCUSSION AND CONCLUSIONS 

The observed gradients are an order of magnitude 
below the expected values. The possible error in this 
order of magnitude is very large. First, the observa- 
tional error is large, permitting a maximum of ~2.5 
percent per AU; second, the diffusion coefficient of 
Jokipii and Coleman (1968) used here was given to be 


accurate within a factor of ~ 2. Taking extreme values, 
then, the discrepancy may only be a factor 2 or 3. 
We regard this as unlikely, however, and proceed 
with the discussion on the basis that there is a sig- 
nificant discrepancy. 

There are several possibilities for removing this 
discrepancy between observation and model prediction, 
as follows: 

1. The magnitude of the diffusion coefficient is too 
small. An increase in * by a factor 5-8 would bring 
(cf. eq. [12]) good agreement between observation and 
theory. If this is the explanation, then it follows that 
the relationship between * and the observed inter- 
planetary magnetic-field power spectrum must be 
inadequate on either the observational side or the 
theoretical side. The latter may be the case, since 
there is controversy above the adequacy of the theories 
that have been accepted since 1967 (Roelof 1966; 
Jokipii 1966); the difficulties are discussed and 
references given in Fisk et al. (1973). 

An erroneous magnitude of k would be an attractive 
solution, since its adoption does not change the bulk 
of the work on cosmic-ray modulation and models. 
Spherically symmetric models could still be used and 
the same modulation achieved, provided the modula- 
tion parameter between the observation point at r 0 , 
say, and the outer boundary of the modulation region 

were maintained (see the discussion in Urch and 
Gleeson 1972). This simply requires an extension of 
the modulation region over that presently assumed, 
or a distant shell of high modulation. 

2. The spherically symmetric model may be inade- 
quate. It may be necessary to use a two-dimensional 
model in heliocentric distance r and heliocentric 
latitude A in which there may be major changes in 
modulation with latitude and significant cross- 
latitude transport of particles. Studies have been 
begun along these lines (Fisk 1975; Moraal and 
Gleeson 1975; Cecchini and Quenby 1975). 

3. There may be further transport processes not 
included in the equation of transport currently used. 


TABLE 3 

Predicted Differential and Integral Gradients (force-field) 
(« - 3.0 x 10«P(GV)/Scm a s*‘; units % per AU) 


T 

(MeV In) 



Solar Maximum 




Solar Minimum 


Protons 


Helium 



Protons 



Helium 


C 

7» 

t» 

C 

y. 

g. 

C 

y» 

g» 

C 

y« 

g. 

400 

. . 0.53 

14.9 

6.4 

0.67 

9.3 

4.8 

0.83 

23.2 

10.3 

1.18 

16.5 

6.9 

600 

. . 0.71 

14.0 

6.2 

0.82 

8.9 

4.7 

1.05 

20.7 

9.6 

1.35 

13.3 

6.0 

800 

. . 0.83 

12.9 

5.9 

1.14 

8.7 

4.5 

1.27 

19.6 

8.8 

1.42 

11.0 

5.2 

1000 

. . 0.97 

12.5 

5.6 

1.32 

8.5 

4.2 

1.32 

16.9 

7.8 

1.45 

9.3 

4.5 

2000 

.. 1.21 

8.7 

4.5 

1.43 

52 

2.9 

1.38 

9.9 

5.2 

1.43 

5.2 

2.9 

4000 

.. 1.40 

5.6 

3.1 

1.54 

3.1 

1.8 

1.48 

5.9 

3.3 

1.54 

3.1 

1.8 

10000 

.. 1.50 

2.6 

1.5 

1.64 

1.4 

0.9 

1.50 

2.6 

1.5 

1.64 

1.4 

0.9 

100000 

.. 1.56 

0.3 

0.2 

1.56 

0.1 

0.1 

1.56 

0J 

0.2 

1.56 

0.1 

0.1 
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One such is the cross-field drift put forward by 
Bercovitch and Barnden (AGU Spring Meeting, 1974) 
and currently being investigated by them (private 
communication). 

4. The temporal effect involved in the transition 
from solar minimum to solar maximum might be 
important. 

Other experimenters on P10 and Pll have also 
reported values of cosmic-ray gradients. The Uni- 
versity of Iowa (Thomsen and Van Allen 1976) 
reported g = 0 + 2 percent per AU for galactic 
cosmic rays with E > 80 MeV over the range 0.99- 
5.26 AU. In a more recent study (Van Allen 1976) 
using data out to 9 AU, they obtained a value of 
2.0 ± 0.5 percent per AU. The University of Chicago 
group (McKibben et al. 1975) report small but non- 
zero gradients in several ranges. In an integral energy 
range, E a 70 MeV per nucleon, they report 2.8 ± 
1.3 percent per AU during the Pioneer-11 transit 
from 1 to 2.9 AU, and 4.4 ± 0.4 percent per AU 
during the Pioneer-10 transit. In two differential 
energy windows, combining results from both 
spacecraft, they found 4.4 ±7.1 percent per AU for 
protons and 10.0 + 4.4 percent per AU for helium in 
the wjndow 10 £ £ <, 19 MeV per nucleon, and 4.2 ± 
2.6 percent per AU for protons and 8.3 ± 2.8 percent 
per AU for helium in the window 29 <, E S 67 
MeV per nucleon. The group from the Goddard 
Space Flight Center and the University of New 
Hampshire (GSFC and UNH) (McDonald et al. 1975) 
retracted the small but positive values they had re- 
ported earlier (Teegarden et al. 1973) and announced 
0 + 3 percent per AU for helium in four differential 
energy ranges between 1 10 and 526 MeV per nucleon. 
The experiments of the University of Chicago and the 


GSFC/UNH groups were specifically designed for 
interplanetary cosmic-ray studies and must be given 
more weight than the others. 

Our experimental result is compatible with the 
University of Iowa and the GSFC/UNH results. It is 
also within reach of the University of Chicago, if we 
point out that the proper comparison is to the Pll 
integral result and blame time variations for the dif- 
ference between this and the other values. However, 
we cannot reconcile with all groups at once without 
being inconsistent. The largest disagreement is be- 
tween the University of Chicago and the groups re- 
porting zero. This may not be a serious disagreement 
if allowance is made for the different expectations at 
different rigidities, or if the results can be pushed 
slightly beyond their quoted errors. Certainly the 
experimental inconsistency is small compared with 
the discrepancy between experiment and theory. 

Finally, we comment on the reports which give 
zero for their result. In our remarks, we have tacitly 
assumed that gradients are positive, but small and 
nonzero. One can question whether this is sustained 
by the observations. Our data are consistent with, 
and suggest that, g * 0, and we feel that we cannot 
exclude the possibility of gradients which are essentially 
zero. 

We are grateful to L. Barnden for providing the 
Deep River neutron monitor data, and to S. Duggal, 
M. Pomerantz, and particularly M. Bercovitch, for 
discussions on the muon background calibration 
prior to launch. We also thank A. Mogro-Campero 
for comments and discussions. This work was sup- 
ported in part by NASA grant NGR 05-009-081 and 
contract NAS 2-6552. 
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The University of California at San Diego Cerenkov counters on the Pioneer 10 and Pioneer 1 1 
spacecraft are capable of detecting protons and alpha particles with kinetic energy T £ 480 MeV/ 
nucleon and electrons with T 2: 6 MeV. With these instruments we have made measurements of cosmic 
ray anisotropies in interplanetary space, using the Pioneer 1 1 detector between April 17 and November 
31. 1973 (during which interval the spacecraft moved from 1.1 to 2.7 AU), and the Pioneer 10 detector 
between March I and November 31, 1974 (during which interval the spacecraft moved from 6.0 A U to 6.8 
AU). From the Pioneer 1 1 data the east-west anisotropy has been determined to be £** * 0.41 ± 0.1 1%, 
and the north-south anisotropy {»* * 0. The ratio of the perpendicular and parallel components of the 
diffusion coefficient (k l /k„) is on this basis estimated to be *0.26 ± 0.08%. From the Pioneer 10 data. {** 
* 0.59 ± 0.18%, {»* * 0.25 ± 0.08%, and we estimate that kJk„ * 0.13 ± 0.04. The large value of 
obtained from Pioneer 10 suggests that there was a substantial component of cosmic ray streaming from 
north to south. A comparison of the anisotropy and magnetic held data suggests that such a north-south 
anisotropy could be due at least in part to the gradient drift effect and perhaps in part to an additional 
streaming independent of the magnetic field polarity. To produce the observed value of f,’ from the 
gradient drift effect the radial gradient at this distance should have a value of *0.3 ± 0.3%/A U, which is 
not incompatible with the radiai gradients obtained from direct measurements. 


I. Introduction 

Until recently, most galactic cosmic ray measurements have 
been carried out by using either ground-based instruments or 
detectors carried on spacecraft near the earth’s orbit. Con- 
sequently, relatively little is known about the behavior of 
galactic cosmic rays in the interplanetary medium beyond 1 
AU, especially the variations of the radial intensities and ani- 
sotropies as functions of heliocentric distance. Following the 
launches of the spacecraft Pioneer 10 in 1972 and Pioneer 1 1 in 
1973 the situation has greatly changed. Measurements of 
radial gradients at heliocentric distances up to 9 AU have been 
reported by several groups [McDonald et al., 1975; McKibben 
et al., 1975; Van Allen, 1976; Axford et al., 1976] (see the 
review by McKibben [1975]). In general, the radial gradients 
are found to be about a factor of 5 smaller than the values 
predicted earlier on theoretical grounds. In addition, measure- 
ments of the anisotropies of high-energy galactic and solar 
cosmic rays have been made for the first time at large helio- 
centric distances. (See Dyer et al. [1974] for a near-earth mea- 
surement made on board the Heos 1 spacecraft.) A prelimi- 
nary account of the Pioneer results has been given by Axford et 
at. [1975], and a more detailed description is presented here. 

According to two-dimensional models [see Parker. 1964; 
Axford. 1965; Forman and Gleeson. 1975], the cosmic ray parti- 
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cles should exhibit an azimuthal (east-west) anisotropy in the 
solar equatorial plane associated with the corotation of the 
interplanetary magnetic field line (IMF) structure with the 
sun. Furthermore, because of the B x VC/ drift perpendicular 
to the IMF there should also be a north-south anisotropy (see 
discussion in section 4). Since Pomerantz and Duggal [1974] 
have produced a comprehensive review of this subject, we will 
not discuss detailed theoretical questions and previous experi- 
mental observations here; instead we simply emphasize that 
within the framework of current solar modulation theory the 
ratio of the perpendicular and parallel components of the 
diffusion coefficients can in principle be derived from the mag- 
nitude of the azimuthal anisotropy. In turn, information con- 
cerning the manner in which cosmic ray particles diffuse in 
interplanetary space can be deduced. It is therefore very desir- 
able to have such anisotropy observations in addition to radiai 
gradient measurements. Because of the requirement for nar- 
row angular resolution and high count rate, among the detec- 
tors on board Pioneer 10 and 1 1, only the Cerenkov detector in 
the University of California at San Diego (UCSD) instrument 
package is capable of performing such anisotropy measure- 
ments satisfactorily. 

In this paper we will report results of the cosmic ray ani- 
sotropy measurements of the UCSD experiment on board 
both Pioneer 10 and Pioneer 1 1. In addition to the Pioneer 1 1 
results obtained for the time interval between April and No- 
vember 1973, in which the spacecraft traveled from 1 to 2.8 
AU [see Axford et al.. 1975], postencounter data from Pioneer 
10 are included. The Pioneer 10 interplanetary measurements 
of quiet time anisotropies were made between November 1974 
and March 1975 at a Jovicentric distance rj > 1.7 AU and a 
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heliocentric distance r * 6-7 A(J. In the following section the 
instrumentation and data analysis are discussed. The observa- 
tions are described in section 3, and finally, the results are 
interpreted and summarized in section 4. 

2. Instrumentation 

The Cl channel of the Cerenkov detector used in the mea- 
surement detects nuclei with kinetic energy T ^ 480 MeV/ 
nucleon and electrons with T S 6 MeV. The quiet time count- 
ing rates due to galactic cosmic rays comprise approximately 
84% protons, 12% a particles, and 2% each heavy nuclei and 
electrons. More detailed descriptions of this instrument have 
been presented elsewhere [Fillius and Mcllwain, 1974; Axford 
et al., 1976], The spacecraft spin axis points always toward the 
earth, and the Cerenkov detector is mounted facing per- 
pendicular to the spin axis, so that its look direction sweeps a 
circle in a plane perpendicular to the ecliptic plane. 

We express the angular distribution of the cosmic ray in- 
tensity in the spacecraft equatorial plane as 

* =* *o[l + Z ?« cosnW - ^,,)J (1) 

where is the clock angle and \p n is the reference direction of 
the /tth-order term of the expansion. The first-order term & 
can be measured only by a unidirectional counter. Since uni- 
directionality is an inherent feature of the Cerenkov detector, 
we can measure the east-west and north-south components of 
the cosmic ray intensity contained in this term. During quiet 
times the anisotropy is small, and only the first-order term is 
important. Thus (1) can be reduced to 

* = $„[1 + f, cos - ^,)] (2) 

According to the geometry we adopted, with the spin vector 
pointing toward the earth and the detector scanning in a plane 
perpendicular to the ecliptic plane, if/ - 0 when the detector is 
pointing downward, and ^ = 90° when the detector is pointing 
eastward in the ecliptic plane. The east-west component of the 
anisotropy is consequently given by f* • sin with $# > 0 
for cosmic ray particles streaming along the spiral inter- 
planetary magnetic field lines into the inner solar system (i.e., 
east to west) and & < 0 for particles streaming away from the 
sun (west to east). Similarly, the north-south component of the 
anisotropy is given by = -£ x cos wherein > 0 for 
particles streaming from north to south and < 0 for particles 
streaming from south to north. 

In addition to analyzing the data by fitting to (2) we have 
also evaluated the east-west and north-south anisotropies di- 
rectly by defining them as the ratio of the difference to the sum 
of the counting rates in opposite sectors. Denoting these by j* 
and f s and the sector counting rates as C x (^), we can express 
the east-west anisotropy as 

f« - [C,(*a) - CMbMCM a) + CM,)1 (3) 

where = 90° and ^ B = 270°. For the north-south ani- 
sotropy f*, if A = 180°, and - 0°. When the statistical 
certainty of the measurement is good, £* ~ £, sin and = 
- £ x cos ifri- This correspondence holds true for the longest time 
intervals over which we have averaged the data (e.g.. Figures 4 
and 7), but it is sometimes masked by statistical fluctuations in 
the shorter-term averages. This is because, with an average 
counting rate of ~5 s~‘ and a duty cycle of 1/9, our detector 
yields about 5 x 10* counts per day, and it takes several days 
of data at least to gain adequate statistical resolution. There- 
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Fig. I. Directional response of the UCSD Cl channel Cerenkov 
detector for protons with T > 480 MeV. 

fore care must be taken in the interpretation of short-term 
variations of the cosmic ray anisotropies. 

Several convolution factors must be evaluated to determine 
the anisotropies. Since the spacecraft rotates with a period of 
about 12 s, the detector sweeps a certain angular path & within 
one data accumulation period. The resultant averaging effect 
will reduce the measured value of f x by a factor 

/, - [sin (6/2)]/(3/2) (4) 

The value of 3 scales according to the spacecraft telemetry rate 
and data format. There are three values that give adequate 
directional resolution for anisotropy measurements, namely, 3 
= 45°, 90®, and 180°. The reduction factor /, is consequently 
0.97 (45°), 0.90 (90®) and 0.64 (180°). 

A similar convolution factor is introduced by our method of 
data analysis. For simplicity we have sorted the data into bins 
which correspond to equal sectors of the detector look direc- 
tion evaluated at the midpoint of the accumulation period. 
This boxcar averaging procedure produces a second reduction 
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Fig. 2. Counting rate of the C! Cerenkov detector on Pioneer 1 1 in 
the interval between April 17 and November 31. 1973. during which 
the spacecraft traveled in heliocentric distance from I AU to 2.8 AU 
and in Jovicentric distance from 4.9 All to 2.2 AU. 
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Fig. 3. (a) Anisotropies (4 evaluated from 2-week averages of the 
counting rates in the east and west sectors. The anisotropy varies from 
-0.5% to +1% over a cycle of 59 ± 7 days. (6) Anisotropies £# 
evaluated from 2-week averages of the counting rates in the north and 
south sectors. The magnitude and variation are smaller for (1 than for 
( t . (c) Sequential representation of the anisotropy vector {, obtained 
by fitting the 2-week-averaged Pioneer 1 1 counting rates to (2). In the 
insert the ecliptic plane is shaded, and the NS-EW plane represents the 
plane of the figure. The arrowheads point in the detector look direc- 
tion (opposite the direction of cosmic ray streaming), (d) Sequential 
representation of the anisotropy vector obtained from the Deep River 
neutron monitor and projected on the ecliptic plane. The values are 
averaged over the same time intervals as those in part c. In the insert 
the ecliptic plane is shaded and represents the plane of the figure. 


3. Observations 

The operational data format of Pioneer 10 allowed ani- 
sotropy measurements only shortly before Jupiter encounter. 
On the other hand, the data format of Pioneer 1 1 was favor- 
able for the determination of the cosmic ray anisotropies be- 
tween 1 and 2.8 AU. Hence since both ground-based and 
satellite measurements have concentrated in the past on the 
study of cosmic ray streaming at r - 1 AU, it seems appropri- 
ate here to present the Pioneer 11 data first, even though 
Pioneer 10 was launched before Pioneer 11. 

a. Pioneer 11 Interplanetary Quiet Time Data 
(April 17 to Nooember31, 1973, r* 1.0-2. 8 AU) 

The counting rate of channel Cl from April to November 
1973 is shown in Figure 2. At the end of April we observe a 
solar event followed by a Forbush decrease. The time evolu- 
tion of the anisotropy pattern of the solar cosmic ray particles 
has been reported by Axford et al. [1975], Here we limit our 
discussion to the anisotropies for the period of quiet inter- 
planetary conditions only. 

Figure 3 shows cosmic ray anisotropy measurements during 
this time period. Figures 3a and 3b show the east-west and 
north-south anisotropies £* and plotted versus time; Figure 
3e shows the evolution of the anisotropy vector given by (2); 
and Figure 3d shows for comparison the anisotropy vector 
computed from Deep River neutron monitor data at 1 AU. 
The data points and vectors are spaced at 1-week intervals, but 
each represents an average of 2 weeks of data (for better 
statistical resolution). Occasionally, there are small differences 
between the vector components in Figure 3c and Figures 3a 
and 3b. These enter through the difference between (2) and (3) 
and indicate the presence of higher harmonics in the ani- 
sotropy expansion (1), but because of the limitations of statis- 
tical resolution they do not have any significance. In longer- 
term averages these harmonics vanish. We retain the dual 


factor /, = [sin (ir/m)]/(ir/m), where we have used m = 8 so 
that /, = 0.97. 

Another source of convolution of the experimental values is 
associated with the finite width of the angular response of the 
CJ detector. We have calculated that the corresponding reduc- 
tion factor f, for protons is 0.8 1 (see Figure 1 for the pattern of 
angular response). For a particles, which make up ~12% of 
the total counting rate, no experimental calibration has been 
made, but by assuming the ratio of the response from the 
forward direction to that from the backward direction to be 
10:1 the resulting value of f, for a particles is estimated to be 
=< 0.52. The net value of f, is weighted appropriately accord- 
ing to the average count rates observed for each species. 

The total reduction factor due to convolution effects is 
therefore equal to / = fJJ,. In other words, if {1 is the value of 
the anisotropy obtained directly from the data, the actual 
value of the cosmic ray anisotropy due to azimuthal streaming 
would be£ t * = £,//. However, one must be careful in applying 
this result, since, for example, the method is not applicable for 
cases of angular distribution of cosmic ray intensity different 
from those defined by (2). Furthermore, the derived value of 
£,* is only the component in the equatorial plane of the space- 
craft and not necessarily the total value, since here we are not 
able to make a full three-dimensional measurement of the 
distribution function. 
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Fig. 4. Angular distribution calculated by averaging the channel 
C! counting rate in eight angular bins and normalizing to the spin 
average. The shaded strips represent the probable error in the mea- 
surement (A{! * 0.07%). The heavy line is the anisotropy pattern 
obtained by fitting the eight-sector distribution to (2). With / = 0.63 
we obtain = 0.41 ± 0.1 1% and = 89°. Note that the radial scale 
has been expanded (the origin corresponds to -1%) in order to make 
the small effect visible. The Pioneer II data shown here (T > 480 
MeV/nucleon, 1.0 < r < 2.8 AU) cover the period from April 17 to 
November 31, 1973, excluding the solar event on April 29-30. 
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Fig. 3. Counting rates of the Cl channel on Pioneer 10 in the interval between January I, 1974, and March 31, 1973, 
during which the spacecraft traveled in heliocentric distance from 3. 1 to 7.2 AU and in Jovicentric distance from <0.35 to 
2.5 AU. The quiet time anisotropies are derived from the data between day 305, 1974, and day 90, 1975 {A — B). 


representation of the anisotropy in order to illuminate the data 
from different perspectives. 

From Figures 3a, 3b, and 3c it is readily apparent that the 
east-west anisotropy is much greater than the north-south 
component. In fact, the average value of |# for the whole 
period, excluding the solar event, is (0.02 ± 0.07)%, while the 
corresponding value of is (0.29 ± 0.07)%. In the interval 
covering the solar event and the subsequent Forbush decrease 


( A — B) the streaming of particles away from the sun along the 
interplanetary magnetic field is evident from the behavior of 
the£i vectors, which have — 270°-360°. The south-to-north 
streaming of the cosmic rays during this interval might be 
related to the north-south asymmetry frequently observed fol- 
lowing oblique interplanetary shocks [Duggal and Pomerantz, 
1976], Later the value of i£, returns to *90°, which indicates 
that the galactic cosmic rays are streaming along the inter- 
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Fig. 6. (a) Anisotropies evaluated from 26-day averages of the counting rates in the east and west sectors. (6) 
Anisotropies evaluated from 26-day averages of the counting rates in the north and south sectors, (c) Sequential 
representation of the anisotropy vector £, obtained by fitting the 26-day-averaged Pioneer 10 counting rates to (2). In the 
insert the ecliptic plane is shaded, and the NS-EW plane represents the plane of the figure. The arrowheads point in the 
detector look direction (opposite the direction of cosmic ray streaming). 
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planetary magnetic field toward the sun (i.e., from east to west 
consistent with the rotation of the sun). In Figure 3 a the east- 
west anisotropy appears to have a cyclic pattern of periodicity 
59 ± 7 days and amplitude varying between -0.5% and +1%. 
This pattern is not so obvious in Figure 3e, but it can be seen 
that the anisotropy vector becomes very small at the points 
marked C, D, and E and resumes an appreciable magnitude 
between these points. 

The anisotropy vector obtained from the Deep River neu- 
tron monitor (Figure 3d) depicts the projection onto the eclip- 
tic plane of the anisotropy of particles with cutoff rigidity of 
*1 GV and average rigidity of * 10 GV. Perhaps because of 
better statistics the Deep River anisotropy £ 0R has a steadier 
pattern than that measured by the Cerenkov detector, and it is 
always pointing to the right, indicating persistent streaming of 
cosmic ray particles in the direction of solar rotation. How- 
ever, during the interval A — B, when the Cerenkov counter 
sees particles streaming away from the sun, the values of 
are rather small (=0.2% compared to *0.5% after point B). It 
is possible that the Deep River anisotropy responds to some 
extent to the particles observed by the Cerenkov detector, and 
thus there is some consistency in the dynamical response of the 
two anisotropy vectors to the state of the interplanetary me- 
dium. The remaining differences are caused presumably by the 
difference in the particle rigidities concerned (average rigidity 
of * 10 GV for Deep River neutron monitor and *5 GV for 
the Cl detector) and possibly by the difference in their helio- 
centric longitudes. 

As we have mentioned before, because of the large uncer- 
tainty involved in fitting the angular distribution of the 2- 
week-averaged counting rates to a sinusoidal anisotropic pat- 
tern, caution must be taken in the interpretation of the short- 
term behavior presented in Figure 3c. On the other hand, more 
confidence can be given to the long-term behavior of the 
cosmic ray anisotropy. The angular distribution of cosmic rays 
for the total data set excluding the solar event is shown in 
Figure 4, and it is evident that the data can be approximated 
very well by a sinusoidal variation as defined by (2). The 
maximum-minimum axis is found to point in the east-west 
direction with * 89° and £, * 0.26 ± 0.07%. Adopting the 
calculated reduction factor / * 0.63, we find that (S = 0.41 ± 
0.11% in the region between 1.0 and 2.8 AU for the period of 
this observation. 

b. Pioneer 10 Interplanetary Quiet Time Data 
I November 1 , 1974 to March 31. 1975, 
r * 6-7 A U and rj * 1.7-2. 5 A U) 

For several months after Jupiter encounter a series of Jovian 
electron events were detected up to a Jovicentric distance /> * 
0.9 AU. The prevalence of the Jovian electrons in this period 
can be seen in Figure 5, which depicts the variation of the Cl 
counting rates with time. Because of the large fluctuation in 
the counting rates it is rather doubtful that any segment of this 
data with rj< I AU can be considered to be representative of 
quiet time interplanetary conditions at all. To determine the 
quiet time interplanetary cosmic ray anisotropy, it is prefer- 
able to analyze data as far away from Jupiter as possible. In 
this section we therefore present only results obtained for the 
region rj * 1. 7-2.5 AU and r between 6 and 6.8 AU from 
processed data available to us at the present time. 

Between points A and B in Figure 5, no large fluctuation due 
to solar or Jovian particle events is apparent. There is, how- 
ever, a long-term variation with an amplitude of *5-10%, 


presumably due to the 26-day cycle of solar rotation. We 
suggest that this set of data can be considered to be representa- 
tive of the quiet time interplanetary condition, even though we 
cannot rule out residual contamination by Jovian electrons 
and the possibility that systematic effects associated with the 
26-day modulation might introduce some confusion. 

Following the procedure described previously, the values of 
the 26-day averaged peak-to-peak anisotropies are given in 
Figures 6 a and 6b to facilitate the observation of temporal 
variations of the cosmic ray streaming. The maximum value of 
|* is * 1%, which is comparable to the largest values observed 
in r ~ 1-2.8 AU (see Figure 3a). On the other hand, the values 
of shown in Figure 6b are significantly increased in com- 
parison with the corresponding values shown in Figure 36. 
Indeed, the value of averaged over the whole period of data 
is estimated to be *0.17 ± 0.14%, while an average value of |* 
is *0.4 1 ± 0. 14%. That is, the north-south anisotropy is about 
one third the value of the east-west anisotropy for the period 
and range of heliocentric distance under consideration. One 
should of course note that the statistical uncertainty of the 
estimate for || is relatively large. 

In Figure 6c we present the variation of the anisotropy 
vectors obtained by fitting the same set of 26-day-averaged 
Cl counting rates to (2). The presence of a component of the 
cosmic ray anisotropy perpendicular to the ecliptic plane 
shows up rather conspicuously. Also the switching of to 
negative values in Figure 6a is seen to occur when the absolute 
value of £, is small. The angular distribution of the Cl count- 
ing rates for the whole data set is shown in Figure 7, and from 
these results it is found that £, * 0.44 ± 0.14% and » 113°. 
With the reduction factor / * 0.69 appropriate to the opera- 
tional format of Pioneer 10 during this period we find that 
between 6 and 7 AU, {,* * 0.64 ± 0.20%. 

4. Discussion 

The two-dimensional streaming of galactic cosmic rays 
along the spiral magnetic field lines in the interplanetary me- 
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Fig. 7. Angular distribution calculated by averaging the channel 
C! counting rate in eight angular bins and normalizing to the spin 
average. The shaded strips represent the probable error in the mea- 
surement (A£, * 0.12%). The heavy line is the anisotropy pattern 
obtained by fitting the eight-sector distribution to (2). With / = 0.69 
we obtain = 0.64 ± 0.20 and = 1 13°. Note that the radial scale 
has been expanded (the origin corresponds to -1%) in order to make 
the small effect visible. The Pioneer 10 data shown here (T > 480 
MeV/nucleon. 6.1 < r <7.0 AU) cover the period between November 
I. 1974, and March 31. 1975. 
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Fig. 8. Radial variation of the east-west anisotropy for different 
ratios of * x /*„ according to the two-dimensional theory. 



dium has been studied by Forman and Gleeion [1975], with the 
effects of spatial diffusion taken into account. In simple terms, 
it is expected that there will be an azimuthal streaming due to 
the corotation of the IMF and a streaming perpendicular to 
the ecliptic plane due to the gradient drift V£/x B, in which 
Vt/ is the radial gradient of the galactic cosmic rays and B the 
magnetic field vector. Expressing the streaming in terms of 
cosmic ray anisotropies, we have (see, for example, Pomerantz 
and Duggai [1974]) 


{/ “ fi* 1A1 


3 y.C («„ - «i) sin x cos X 
o *„ cos* x + sin 1 x 


(5) 


as the azimuthal component (i.e., in the east-west direction) 
and 


(.* 


ft* COS tfr, 


pCV, sin x 
*ii cos 1 x + *i sin 1 x 


(6) 


as the component perpendicular to the ecliptic plane (i.e., in 
the north-south direction). In (3) and (6), V, is the solar wind 
velocity, C the Compton-Getting factor [Gleeson and Axford, 
1968], v the velocity of the cosmic ray particles, x the angle 
between the average magnetic field direction and the radial 
direction, p the gyroradius of the particles, and *„ and k 1 the 
components of the diffusion tensor parallel and perpendicular 
to the mean magnetic field direction, respectively. 

If k l « one finds that f 4 * =* (3 CV,/p) tan x. and since 
tan x * r, it might be expected that f t * increases more or less 
linearly as r increases. However, since f t * * 0.6% at 1 AU, the 
average value of f t * derived from Pioneer 11 for r between I 
and 3 AU should then be =1%, and the corresponding value 
from Pioneer 10 for r between 6 and 7 AU should be *4%. 
Since the values observed do not exceed 0.6%, it seems that * x 
is not negligibly small, as is usually assumed (see, for example, 
Rao [1972]). The variation of the azimuthal anisotropy as a 
function of r for various values of kJk» is shown in Figure 8. 


This shows that for nonzero ratio of the diffusion coefficients 
the f t * value will reach a peak value at r » (*n/* 1 )‘ /1 , assuming 
of course that the ratio remains constant. Since this result is 
obtained by assuming steady state conditions and spherical 
symmetry, it may not be meaningful to compare it with the 
results shown in Figures 3 and 6, where large variations in £« 
are observed. However, assuming that it is appropriate to fit 
the observed average (quiet time) value {**(PU) - (0.41 ± 
0. 1 1 )% to a certain value of kJk u within the range 1-2.8 AU, 
we find, after correcting for the small deviation of the plane in 
which the measurements are performed with respect to the 
east-west direction and assuming that {«* » 0.6% at 1 AU for 
«i/*n ” 0, that the resulting ratio is * x /*„ a« 0.26 ± 0.08. 
Similarly, the quiet time value f**(P10) ** 0.64 ± 0.20 yields 
kJk„ * 0.13 ± 0.04 for r between 6 and 6.8 AU. 

These results are summarized in Table 1, where two out- 
standing features can be noticed. First, besides being larger 
than the values usually assumed in model calculations, the 
nominal value of *i/*» decreases by a factor of 2 as the radial 
distance increases from 1-3 AU to 6-7 AU. Second, the ratio 
of ft* to ft* increases from 0 to 0.42, indicating that at large 
distances there is a strong component of cosmic ray streaming 
from north to south with a magnitude comparable to that of 
the azimuthal streaming. In fan, such a variation of the ft*/ 
f 4 * ratio is not unexpected, since this ratio varies as 1/cos x 
and cos x — 0 at large distances from the sun. What is njore 
interesting here is that following the usual formulation of solar 
modulation theory we can derive the radial gradient from the 
observed value of ft*, since the north-south anisotropy is given 
approximately by 


fi* * P'gr sin x (7) 

where ft* > 0 for IMF pointing outward from the sun (posi- 
tive magnetic sector) and ft* < 0 for IMF pointing inward 
(negative sector). Hence given ft*, p, and sin x. w e can derive a 
value of g r from (7). Since B * 0.5 y at 6-7 AU, the average 
value of the gyroradius p for the Cl channel is *0.24 AU (for 
an average kinetic energy T » 4.5 GeV), and sin x * 1. Setting 
ft* * 0.25% ± 0.08, we obtain g r * 1.0 ± 0.3%/A U, which is 
comparable to the integral gradient 0.15 ± 2.3%/AU esti- 
mated for r < 5 AU by Axford et al. [1976] and the integral 
gradient T > 80 MeV of 2%/A U between 1 and 9 AU recently 
reported by Van Allen [1976]. 

The situation is actually more complex, because in the above 
discussion we.have assumed the polarity of the magnetic field 
to be the same over the whole time interval of interest, whereas 
the IMF near the ecliptic plane at 1 AU is divided into roughly 
equal sectors of opposite magnetic field polarities. (See Smith 
et al. [ 1977] for a recent view of the sector structure through- 
out the heliosphere.) The anisotropy due to gradient drifts 
should be such. that ft* > 0 in positive sectors and ft* < 0 in 
negative sectors. The observed ft* value when averaged over 


TABLE I. Comparison of the Pioneer 10 and Pioneer 1 1 Anisotropy Data 


Space- 

craft 

Time 
Interval, 
Day of Year 

Solar 

Distance, 

AU 

Jovi- 

centric 

Distance, Reduction 

AU Factor/ f,,% ^ 1 , deg 


ft*. % ft*.% ft*/ ft* 

*i/*.i 

Pioneer 

II 

107, 1973 to 
334, 1973 

1. 1-2.8 

4.9-2.0 

0.63 0.26 ±0.7 89 

0.41 ±0.11 

0.41 ±0.11 ~0 0 

0.26 ± 0.08 

Pioneer 

10 

305, 1974 to 
90, 1975 

6-6.8 

1. 7-2.5 

0.69 0.44 ±0.14 113 

0.64 ± 0.20 

0.59 ± 0.18 0.25 ±0.08 0.42 

0.13 ±0.04 
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TABLE 2. Comparison of the Pioneer 10 Anisotropy and Magnetic Field Data 


— "CT 4,ic 

trity 

Time 
1 ntervals. 

Day of Year 1974 

Total 
Number 
of Days 

«.*,% 

iu deg 

f.‘. % 

*.*, % 

gr. %/AU 

«*iti vc 

312-329 

337-356 

38 

0.38 ± 0.26 

116 

0.34 ± 0.23 

0.17 ±0.11 

0.7 ± 0.5 

Vegative 

/ 

307-3 1 1 
330-336 
357-361 

17 

0.58 ± 0.36 

86 

0.58 ± 0.36 

-0.04 ± 0.03 

0.2 ±0.1 


/ ' 

one solar rotation or longer time interval would depend on the 
net polarity of the IMF, among other things. For example, if 
the sector structure has equal proportions of positive and nega- 
tive polarities, the averaged value should be *0; and if the 
positive sectors combined occupy twice as much area as that 
occupied by the negative sectors, the observed anisotropy will 
be only one third the value measured within the individual 
sector. 

To examine the variation of £#• in regions of different mag- 
netic polarities and also the effect of the VU x B drift, we 
have calculated the cosmic ray anisotropies corresponding to 
different magnetic held polarities according to magnetic field 
data provided for us by E. J. Smith (private communication, 
1976). Of the 55 days (307-361, 1974) covered by the magnetic 
field data we find that there are 38 days with positive polarity 
and 17 days with negative polarity. The results for the ani- 
sotropies and radial gradients derived for these two intervals 
are presented in Table 2, where one sees that even though the 
experimental uncertainty is large, the variation of the sense of 
the north-south anisotropy is suggestive of the presence of the 
gradient drift. It is, however, interesting to note that the north- 
south anisotropy in positive sectors is quite appreciable ($»• * 
0.17 ± 0.11%). while the corresponding value in the negative 
sectors is close to zero (f»* =» -0.04 ± 0.03%). This is not 
consistent with the simple VI/ x B drift effect, which should 
yield similar magnitudes in the two cases. It is possible that the 
observed north-south anisotropy is a combination of two types 
of streaming: one due to the drift effect described, which gives 
a value of £ ( * = in positive sectors and {,* » -f D * in 
negative sectors, and one with a cosmic ray streaming which 
will produce (j* = {,,* across the ecliptic plane regardless of 
the sign of the magnetic field. In this case the observed north- 
south anisotropies are given by = f 0 * + £,* and £,_* = 
in* - $„*. Putting f, + * * 0.17% and * -0.04%, we 
obtain f D * * 0.07% ± 0.06% and £,* *» 0.11% ± 0.06%, and 
the radial gradient g r from this value of f D * is =>0.3 ± 0.3%/ 
AU, which is consistent with the value 0.15 ± 2.5%/AU deter- 
mined directly from our experiment [Axford et al., 1976] and 
compatible with the values derived by other groups [McDon- 
ald et al., 1975; McKibben et al., 1975; Teegarden et al., 1973; 
Van Allen, 1976], 

With due allowance for the simplicity of the models we have 
used, it appears that the observed anisotropies and radial 
gradients close to the ecliptic plane arc reconcilable with the 
two-dimensional solar modulation model provided kJk ,, lies 
in the appropriate range 0.13-0.26. and the parallel diffusion 
coefficient is perhaps a factor of 10 larger than the usually 
accepted value of 3 X 10 31 cm 3 s* 1 GV~ l [see Jokipii and 
Coleman, 1968; Birmingham and Jones, 1975; Axford et al., 
1976], The presence of an additional north-south streaming of 
the cosmic ray particles is, however, required. As has been 
pointed by M. A. Forman (private communication, 1977), a 


north to south gradient perpendicular to the ecliptic plane with 
g L = 4%/AU could produce a north-south anisotropy with the 
observed ( A *» 0.11%. It is also possible that the observed 
values can be explained by a three-dimensional model with 
latitude-dependent modulation [e.g., Fisk, 1976; Moraal and 
Gleeson, 1975], using different sets of parameters; and in this 
case the north-south streaming with £,* * 0.11% may be the 
result of an asymmetry in the latitude dependence of the 
modulation. Another alternative is that the 26-day modulation 
effect (which causes a variation of the mean intensity of ~5- 
10% in our detector) produces anisotropies which do not aver- 
age out to zero. These fluctuations occur with time scales of 
the order of 5-10 days, corresponding to radial gradients of 
=5%/AU (i.e., much larger than the measured average grad- 
ient). The positive and negative gradients are not necessarily 
equal, and furthermore, owing to the behavior of the fast solar 
streams and interplanetary magnetic field sector structure as- 
sociated with these fluctuations, it is entirely possible that 
systematic effects can occur which lead to a nonzero average 
north-south anisotropy. Obviously, more detailed study of the 
correlation between the cosmic ray anisotropies and the mag- 
netic field data, and especially measurements at larger dis- 
tances and out of the ecliptic plane, would be extremely useful 
in providing answers to these questions. 
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